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Abstract 

 

Nonpigmented hair removal using 

photodynamic therapy 

 

 

Hyoseung Shin 

Medicine, Dermatology 

The Graduate School 

Seoul National University 

 

 

Lasers have been used for decades to remove dark hair. However, 

laser removal of nonpigmented hair is not possible, because blond 

or white hair lacks energy-absorbing chromophores. The aims of 

this study were to use photodynamic therapy (PDT) to remove 

nonpigmented hair and to investigate the mechanisms involved in it 

using an animal model. 

Methyl aminolevulinate cream was applied to the depilated backs of 

7-week-old BALB/c mice. After 4-hr incubation, 630-nm light-

emitting diode irradiation (74 J/cm2) was performed. Skin biopsy 

specimens were collected from mice after 15 min, 3 hr, 24 hr, 48 hr, 

72 hr, 1 week, 2 weeks, and 3 weeks. Post-PDT histologic changes 

in nonpigmented hair follicles were investigated. Molecular changes 

were evaluated with either Western blot analysis or enzyme-linked 
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immunosorbent assay. The efficacy of permanent hair removal was 

compared in white BALB/c and black C57BL/6 mice treated with 

PDT or 800-nm diode laser. 

A temporary, catagen-like transformation was observed in 

nonpigmented hair follicles after PDT. Within 3 weeks, anagen hair 

was regenerated. Keratin 15 staining in the bulge area and alkaline 

phosphatase staining in the dermal papilla were also observed 

throughout the 3-week period following PDT. Deoxynucleotidyl 

transferase-mediated UTP end labeling-positive cells were 

observed in the hair matrix from 3 hr to 3 days after PDT. The 

nuclei of hair matrix cells became basophilic and condensed after 

one session of PDT. One day after PDT, levels of interlukin-6, 

tumor necrosis factor-α, transforming growth factor-β1, 

superoxide dismutase 2, and cyclooxygenase-2 increased. 

Irradiation with an 800-nm diode laser did not achieve 

nonpigmented hair removal. Permanent removal of nonpigmented 

hair was achieved on a small portion of the mouse back after 

multiple PDT sessions. Removal of black hair using PDT was less 

efficient compared with 800-nm diode laser removal. 

Our results suggest that PDT can damage the nonpigmented hair 

matrix, but not stem cells or dermal papillae. Repeated PDT may 

impair the hair-regeneration capacity via a bystander effect on 

bulge stem cells or dermal papillae. PDT could be considered a new 

treatment option for nonpigmented hair removal.  

------------------------------------- 

Key Words: hair removal, laser, photodynamic therapy, white hair 

Student number: 2011-30557 
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Introduction 

 

Excessive and unwanted hair growth  

Many individuals suffer from excessive facial or body hair, which 

can cause low self-esteem and even impair the quality of life (1). 

Excessive hair is generally classified as hirsutism or hypertrichosis. 

Hirsutism is an abnormal male-pattern hair growth disorder in 

women caused by androgenic hormones. Hirsutism can be 

diminished by treatment of underlying diseases like polycystic 

ovary syndrome or androgen-secreting tumors (2). Hypertrichosis 

is increased hair growth at any sites regardless of androgen effect 

(3). Generalized hypertrichosis can be due to various congenital 

syndromes, thyroid disease, or medications (4-6). Localized 

hypertrichosis can be induced by various nevi, porphyria, or local 

inflammation (7-9). Hypertrichosis can be masked by shaving or 

plucking, but these are temporary solutions. In addition to 

pathological conditions, even normal hair such as a man’s beard or 

woman’s axillary hair can be unwanted, and are often removed for a 

neat appearance.  

 

Development of laser hair removal  
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In 1996, successful hair removal using a 694-nm ruby laser was 

reported for the first time. In that study, brown or black hair 

showed a significant decrease and delay in hair regrowth after laser 

irradiation (10). The mechanism of laser hair removal is explained 

by the extended theory of selective photothermolysis. The melanin 

in the hair shaft absorbs laser energy selectively when the pulse 

duration of the laser is less than or equal to the thermal relaxation 

time of the hair shaft (10). The heat from the chromophore spreads 

out to vital targets on the hair follicle, achieving hair removal (11).  

After this significant advance, laser hair removal became a very 

popular procedure worldwide. A survey performed in the United 

States from 1999 through 2010 showed that laser hair removal has 

always been among the top 5 popular dermatologic cosmetic 

procedures (12). Long-pulsed ruby, long-pulsed alexandrite, 

long-pulsed diode, and long-pulsed neodymium-doped yttrium 

aluminum garnet (Nd:YAG) lasers, and intense-pulsed light sources 

have been used for hair removal (13-17). A meta-analysis 

revealed that hair was reduced by 57.5, 42.3, 54.7, and 52.8% after 

three sessions with diode, Nd:YAG, alexandrite, and ruby lasers, 

respectively, at 6 months after the last laser treatment (18). 

 



３ 

 

The limitation of laser hair removal 

Laser hair removal still has some limitations. First, dark skin 

interferes with selective energy absorption by the melanin hair 

shaft. When laser hair removal is performed on dark skin, the risk 

of burn is very high (19). With advances in photomedicine and laser 

devices, the first limitation is partially overcome. The longer 

wavelengths used in the diode laser (810 nm) and Nd:YAG laser 

(1,064 nm) are less absorbed by epidermal melanin. Epidermal 

cooling also protects the epidermis thermally. Laser treatments 

with an effective epidermal cooling system can result in permanent 

hair removal without significant complications in dark skin, when 

performed with caution (20). The second limitation of laser hair 

removal is that white or blond hair cannot absorb laser energy 

because of low levels of eumelanin (21). The second limitation has 

not yet been resolved. Therefore laser treatment cannot be used to 

remove blond or white hair (Figure 1), and other modalities must be 

used to remove nonpigmented hair.  

 

Previous trials of nonpigmented hair removal 

Electrolysis is an old method using a fine electric needle. The 

needle is inserted into the hair follicle and ablates it with electric 
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current. Although electrolysis can remove hair regardless of its 

color, it is a time-consuming and painful process. Its efficacy varies 

depending on the therapist’ s skill level. The side effects of 

electrolysis hair removal, including postinflammatory hyper-

pigmentation, hypopigmentation, and scarring, are more frequent 

than laser hair removal (22).  

One study added a chromophore to nonpigmented hair by using 

topical carbon solution dissolved in mineral oil. By adding a 

chromophore, nonpigmented hair was changed to pigmented hair, 

and could be removed by laser (23). However, its efficacy was not 

reliable and fell short of expectations (3).  

A device combining intense pulsed light (IPL) and radiofrequency 

was previously reported to remove 52% of blond hair and 44% of 

gray hair for six months after four treatments (24). However, these 

results were controversial, because it is possible that even blond or 

gray hair might have contained some melanin. Thus, the limited 

efficacy of hair removal might be due to the limited amount of 

melanin in blond or gray hair.   

 

Photodynamic therapy as a new modality for hair 

removal 
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Photodynamic therapy (PDT) was discovered by observing that a 

photosensitizer is activated by light and induces a cytotoxic reaction 

(25). PDT has been applied actively in the dermatologic field 

because the skin is easy to access. PDT is used mainly for 

nonsurgical treatment of skin cancers and premalignant lesions, 

including actinic keratosis, Bowen’s disease, and superficial basal 

cell carcinoma (26-28). PDT can be suggested as a novel hair 

removal technique regardless of hair color or skin darkness, 

because PDT does not target a chromophore like melanin. Light, 

oxygen, and photosensitizer are essential for PDT, but chromophore 

is not needed. The topical photosensitizers most commonly used 

during PDT are 5-aminolevulinic acid (5-ALA) and its lipophilic 

form, methyl aminolevulinate (MAL). The previous study reported 

that PDT using 5-ALA induced hair follicle damage and inhibited 

the hair cycle in Sprague-Dawley rats. However, the detailed 

nature and results of hair damage were not well described (29). 

Grossman et al. (30) reported that PDT achieved more than 50% 

hair removal in eleven subjects and persisted for six months. 

However, this was not published as an article. In 2005, Goldberg et 

al. (31) reported that PDT, using a device combining IPL and 

radiofrequency, achieved 48% hair removal of bright hair that 
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persisted for six months in fifteen subjects. However, it was 

unclear whether such efficacy was due to PDT or to the other 

combined device. Only a few studies support the idea that PDT is 

effective for hair removal (32).  

 

The objectives of this study  

Many Koreans, who have rather dark skin, are prone to burns 

during laser hair removal therapy. Whites have bright hair lacking 

eumelanin, which resists laser hair removal, though many light-

skinned subjects seek hair removal therapy. There is a need to 

develop novel treatments that remove nonpigmented hair or hair on 

dark skin. The aims of this study were to use PDT to remove 

nonpigmented hair and to investigate the mechanisms involved in it 

using an animal model. 
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Figure 1. Limitations of laser hair removal  

(A) Before laser hair removal. (B) After laser hair removal, the 

number of black hairs decreases. However, white hair resists laser 

treatment (Courtesy of Wooseok Koh M.D).  
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Materials and Methods 

 

Animals  

BALB/c female mice were used to study nonpigmented hair removal, 

and C57BL/6 female mice (Orient Bio, Seongnam, Korea) were used 

to study pigmented hair removal. Animals were kept under 

specific-pathogen-free conditions. All animal experiments were 

approved by the institutional animal care and use committee of 

Seoul National University Hospital (IACUC No. 13-0278-C1A0).  

Skin biopsy specimens were obtained, and the skin sample was 

divided into three pieces. The first sample was fixed in 4% 

formaldehyde and embedded in paraffin. The second sample was 

embedded in optimal cutting temperature (OCT) compound (Leica 

Biosystems, Richmond, IL, USA) and then frozen in liquid nitrogen. 

The third sample was directly frozen in liquid nitrogen for molecular 

analysis.  

 

MAL absorption study 

The back skin of three 13-week-old BALB/c female mice in 

anagen phase were shaved, and 0.08 g 16% MAL cream (Metvix; 
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Galderma, Watford, UK) was applied to a 1 × 1 cm2 area. The 

application area was occluded by covering it with a polyurethane 

dressing (Tegadem; 3M Healthcare, Loughborough, UK), and 

opaque gauze for 4 hr. These mice were sorted into the 

nonpretreatment group. 

Another three 13-week-old BALB/c female mice were shaved, 

and hair removal lotion (Nair cream; Church and Dwight, Ewing 

Township, NJ, USA) was applied. After 5 min, the hair removal 

lotion was washed. Ten times of tape stripping on the shaved back 

was added before the MAL cream was applied. The mice underwent 

4-hr MAL incubation with infrared irradiation to keep the skin 

warm (~40°C). These mice were sorted into pretreatment group A. 

The remaining three 13-week-old BALB/c female mice were 

shaved, and tape stripping was performed ten times on a shaved 

area of the back. After the application of MAL cream, the mice 

underwent 4-hr MAL incubation with infrared irradiation. These 

mice were sorted into pretreatment group B. 

After MAL incubation, skin biopsy specimens were removed 

promptly and processed for 5-μm frozen sectioning. The frozen 

section slides were examined immediately and photographed with a 

fluorescence microscope (Olympus BX61; Olympus, Tokyo, Japan). 
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Incubation time and light-dose testing for 

nonpigmented hair removal using PDT 

The backs of four 7-week-old BALB/c female mice were depilated 

to synchronize the hair cycle. After 1 week, hair follicles were 

synchronized to anagen phase, 0.32 g 16% MAL cream was applied 

to a 2 × 2 cm2 area, and an opaque dressing was used to cover the 

area for MAL incubation. The MAL-applied area was cleansed with 

water before light-emitting diode (LED) irradiation. The back of 

each mouse was then exposed to 630-nm LED (Aktilite CL128 

Lamp; Galderma, Watford, UK) light from a 10-cm distance (Figure 

2). The first mouse received 5 J/cm2 LED irradiation after 1-hr 

MAL incubation. The second mouse received 5 J/cm2 LED 

irradiation after 4-hr MAL incubation. The third mouse received 25 

J/cm2 LED irradiation after 3-hr MAL incubation. The forth mouse 

received 25 J/cm2 LED irradiation after 4-hr MAL incubation. 

Pictures were taken 1 week after PDT.  

 

Three-week serial investigations after one PDT 

session 



１１ 

 

BALB/c female mice were divided into a control group and a PDT 

group. The backs of all mice were depilated at age 7 weeks to 

synchronize the hair follicle cycle to anagen phase. In the PDT 

group, 0.32 g 16% MAL cream was applied to a 2 × 2 cm2 area, 

and the area was covered with an opaque dressing for 4 hr. After 

cleansing, the mice were exposed to 74 J/cm2 630-nm LED 

irradiation. In the control group, MAL application and LED 

irradiation were not conducted. Digital pictures were taken at 

baseline and 15 min, 3 hr, 1 day, 2 days, 3 days, 1 week, 2 weeks, 

and 3 weeks after PDT using a digital camera and dermoscopy. 

After taking pictures, skin biopsies were performed. The efficacy of 

hair removal was analyzed using ImageJ (National Institutes of 

Health, Bethesda, MD, USA). Thickness of the skin was measured 

microscopically. The anagen hair follicle percentages and the 

proportion of hair follicles with damaged sebaceous glands were 

calculated by examining 5 high-power fields (×400) per 

hematoxylin and eosin (H&E) slide.  

 

Multiple sessions of PDT for permanent hair removal  

Three BALB/c female mice were examined to assess the possibility 

of using PDT to achieve permanent removal of nonpigmented hair. 
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The backs of three 7-week-old mice were depilated, and 0.32 g 16% 

MAL cream was applied to a 2 × 2 cm2 area, which was then 

covered by an opaque dressing for 4 hr. After cleansing, the mice 

were exposed to various fluences of 630-nm LED irradiation (mean 

LED fluence: 34.0 J/cm2, 52.5 J/cm2, and 75.7 J/cm2 respectively 

on each mouse). The sequent PDTs were done when the removed 

hair had regenerated. When the alopecic patch remained at six 

weeks after the last PDT session, pictures were taken and skin 

biopsy specimens obtained.  

 

Comparison of the efficacy of PDT for pigmented 

versus nonpigmented hair removal 

Nine BALB/c female mice and nine C57BL/6 female mice were 

purchased to investigate the feasibility of permanent hair removal 

using PDT. The backs of all mice were depilated at age 7 weeks, 

and 0.08 g 16% MAL cream was applied to a 1 × 1 cm2 area, which 

was then covered by an opaque dressing for 4 hr. After cleansing, 

the mice were exposed to 37 J/cm2 630-nm LED irradiation. The 

sequent PDTs were performed when the removed hair had 

regenerated. Seven PDT sessions were conducted on both BALB/c 

and C57BL/6 mice. One week after each PDT session, skin biopsy 
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specimens were taken from one BALB/c mouse and one C57BL/6 

mouse in each group. Pictures were taken of three BALB/c mice 

and three C57BL/6 mice and skin biopsy specimens obtained 6 

weeks after the last PDT session.  

 

Laser hair removal  

Nine BALB/c female mice and nine C57BL/6 female mice were used 

to investigate the efficacy of laser hair removal. The backs of all 

mice were depilated at age seven weeks. Two BALB/c mice and 

two C57BL/6 mice received 800-nm diode laser (LightSheer; 

Lumenis, Yokneam, Israel) irradiation with four sets of energy 

parameters (fluence, pulse duration: 15 J/cm2, 7.5 ms; 20 J/cm2, 10 

ms; 25 J/cm2, 12.5 ms; 30 J/cm2, 15 ms) in order to compare the 

immediate hair removal effects. The other BALB/c and C57BL/6 

mice received 800-nm diode laser irradiation (20 J/cm2, 10 ms). 

The parameters of laser hair removal were determined according to 

the manufacturer's recommendation (33). The skin reaction was 

observed, and skin samples were taken immediately after laser 

irradiation. Pictures were taken and skin biopsy specimens obtained 

at 1, 6, and 8 weeks after laser treatment to investigate the efficacy 

of permanent hair removal.  
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Immunoperoxidase staining of keratin 15 

To detect keratin 15 (K15), a mouse bulge stem cell marker, 4-

μm sections of paraffin-embedded mouse tissue were treated with 

citrate buffer (pH 6.0) for 10 min at 120℃ for antigen retrieval. 

After endogenous peroxidase blocking, anti-K15 antibody (LHK15, 

1:100; Thermo Fisher Scientific, Waltham, MA, USA) were added. 

Antigen-antibody complex was visualized with secondary antibody 

as the colored product of horseradish peroxidase and 3-amino-9-

ethyl carbazole (Chromogen kit; GBI Labs, Bothell, WA, USA).  

 

Dermal papilla staining using alkaline phosphatase 

activity 

Cryosections of 5 μm thickness were postfixed in cold acetone. 

After rehydration, the slides were treated with diluted nitro-blue 

tetrazolium chloride and 5-bromo-4-chloro-3'-indolyphosphate 

p-toluidine salt (BCIP) substrate solution (Thermo Fisher 

Scientific, Waltham, MA, USA). Dermal papilla staining using 

alkaline phosphatase activity was conducted throughout several 

minutes of incubation and several washes.  
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Deoxynucleotidyl transferase-mediated UTP end 

labeling assay 

To measure the amount of apoptotic cells, deoxynucleotidyl 

transferase-mediated UTP end labeling (TUNEL) assay (In Situ 

cell death detection kit fluorescein; Roche, Mannheim, Germany) 

was performed. Cryosections of 5 μm thickness were labeled with 

digoxigenin-dUTP in the presence of terminal deoxynucleotidyl 

transferase (TdT). TUNEL-positive cells were visualized using an 

antidigoxigenin fluorescein isothiocyanate-conjugated antibody. 

4',6-diamidino-2-phenylindole (DAPI) (Molecular Probes; 

Invitrogen, Carlsbad, CA) was used for nuclear counterstaining. All 

sections were examined immediately and observed under an 

Olympus BX61 fluorescence microscope (Olympus, Tokyo, Japan) 

and photographed with Leica Application Suite v. 3.8 (Leica 

Microsystems, Wetzlar, Germany). 

TUNEL assays were performed again using the ApopTag®  Plus 

Peroxidase In Situ Apoptosis Detection Kit (Merck Millipore, 

Darmstadt, Germany). Sections (4 μm) of paraffin-embedded 

mouse tissue were treated with citrate buffer (pH 6.0) for 10 min at 

120℃ for antigen retrieval. Endogenous peroxidase was blocked by 
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hydrogen peroxide. After antidigoxigenin antibody treatment, 

apoptotic nuclei were visualized with diaminobenzidine as the 

chromogen substrate (Chromogen kit; GBI labs, Bothell, WA, USA), 

and counterstained with hematoxylin.  

 

Enzyme-linked immunosorbent assay 

To measure cytokine levels in skin tissue, dorsal skin was removed 

and stored at -80℃. Later, skin was homogenized using the Bullet 

Blender TM Blue (Next Advance, Averill Park, NY) at 4℃, and the 

supernatants were frozen at -30℃. The concentration of 

interlukin-6 (IL-6), tumor necrosis factor-α (TNF-α), and 

transforming growth factor-β1 (TGF-β1) in the skin tissue was 

measured using mouse IL-6, mouse TNF-α kits (eBioscience, 

San Diego, CA, USA) and Quantikine mouse TGF-β1 (R&D 

Systems, Minneapolis, MN, USA). Enzyme-linked immunosorbent 

assay (ELISA) was performed in accordance with the 

manufacturer’s instructions. 

 

Western blotting 

Frozen samples were homogenized in radioimmunoprecipitation 

assay lysis buffer (Merck Millipore, Darmstadt, Germany). Proteins 
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were separated using 10% sodium dodecyl sulfate-polyacrylamide 

gel electrophoresis and transferred to a polyvinylidene uoride 

membrane (Amersham, Buckinghamshire, UK) using a wet transfer 

system. Membranes were subsequently blocked with 5% skim milk 

for 1 hr, then incubated at 4 ℃ overnight with antibody against 

cyclooxygenase-2 (COX-2) (Santa Cruz Biotechnology, Santa 

Cruz, CA, USA), anti-β-actin antibody (Santa Cruz Biotechnology, 

CA, USA), and antibody against superoxide dismutase 2 (SOD2) 

(Boster Biological Technology, Pleasanton, CA, USA). Membrane 

was probed with horseradish peroxidase-conjugated secondary 

antibody for 1 hr at room temperature. Bands were visualized by 

enhanced chemiluminescence (Amersham, Buckinghamshire, UK). 

Western blotting bands were normalized by β-actin bands and 

quantitatively analyzed using ImageJ (National Institutes of Health, 

Bethesda, MD, USA). 

 

Statistical analysis 

The Student t-test was used to analyze ELISA results. Other 

descriptive results are presented as means ± standard error. P 

values of less than 0.05 were considered statistically significant.  
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Figure 2. The process of mouse hair removal using PDT  

(A) MAL cream (16%) was applied, and the area was incubated and 

cleansed before LED irradiation. (B) The mice that had received 

MAL cream application were exposed to 630-nm LED red light. (C) 

After PDT, the treated area was covered for three days.  
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Results 

 

MAL was well absorbed and metabolized to 

protoporphyrin IX at anagen hair bulbs 

MAL absorption in the mouse skin was confirmed by observing the 

red fluorescence of protoporphyrin IX (PpIX), which is an active 

metabolite of MAL. The red fluorescence was selectively expressed 

by the anagen hair bulbs, sebaceous glands, and epidermis after 4-

hr MAL incubation. The red fluorescence was well expressed even 

if tape stripping, hair removal lotion application, and infrared 

irradiation were not done before MAL application or during MAL 

incubation. No difference in red fluorescence expression was found 

between the pretreatment groups and the nonpretreatment group 

(Figures 3A, 3B, and 3C). Hair follicles in telogen phase did not 

express PpIX. Sebaceous glands expressed red fluorescent PpIX 

regardless of hair cycle phase (Figure 3D). 

 

Efficacy of PDT hair removal increases with longer 

incubation times and higher light doses  
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Hair removal efficacy was evaluated 1 week after PDT. Although 

the removal of white hair of BALB/c mice was sparse after 1-hr 

MAL incubation and 5 J/cm2 LED irradiation, white hair removal was 

observed when the incubation time was increased to 4 hr. White 

hair removal became more prominent when increasing the LED 

fluence to 25 J/cm2, and white hair removal was more effective with 

increased MAL incubation time and LED fluence (Figure 4). 

 

Temporary nonpigmented hair removal was observed 

after PDT 

In the control BALB/c mice, shaved white hair had grown back 

normally at 1 week. However, in the PDT group, there was no 

regrowth of white hair until 3 days after PDT. The partial regrowth 

of removed hair was observed at 1 week after PDT. The hairless 

area in the PDT group was 81.8% ± 0.2% (mean ± standard error 

%) in the targeted area (2 × 2 cm2) at 1 week after PDT, 65.5% 

± 10.9% at 2 weeks after PDT, and 16.9% ± 14.6% at 3 weeks 

after PDT (Figure 5). Dermoscopic assessment indicated that 

regrowth was not complete at 3 weeks after PDT, as a few alopecic 

patches and erosions were observed (Figure 6). 
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Catagen-like transformation was observed in 

nonpigmented hair follicles after PDT 

In the control group, synchronized anagen hairs were observed until 

1 week after PDT. At week 2, anagen hairs began to enter catagen 

phase. Hair bulbs became small and shifted upward. At week 3, only 

telogen hairs were observed. Hair follicles existed at the dermis 

level without the intact inferior segment. No increased infiltration of 

inflammatory cells was observed around hair follicles in the control 

group. Sebaceous glands persisted through all cycles. These 

changes are characteristic of a normal hair cycle (Figure 7).  

 In the PDT group, no increased infiltration of inflammatory cells 

and structural changes of hair follicles were observed at 15 min 

after PDT. At 3 hr after PDT, many polymorphonuclear (PMN) 

granulocytes infiltrated the hair follicles without producing 

structural changes. At day 1, lymphocytes were also observed in 

addition to PMN granulocytes around the hair follicles. The 

sebaceous glands appeared deformed, and hair bulbs became small 

catagen-like hair follicles at day 1. The proportion of anagen hair 

follicles decreased to 27.9% ± 6.3% at day 1. Such catagen-like 

transformation of hair follicles became more obvious on days 2 and 

3. The proportion of anagen hair follicles was 24.6% ± 2.7% at day 
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2 and 7.8% ± 4.2% at day 3. The catagen phase in the PDT group 

was ahead of the normal hair cycle observed in the control group. 

At week 1, no anagen hairs remained. Many hair follicles without 

sebaceous glands were observed. Many lymphocytes and 

macrophages instead of PMN granulocytes infiltrated the hair 

follicles. At week 2, catagen-like transformation disappeared, and 

hair follicles were regenerated into anagen hair follicles. The hair 

bulbs became larger and shifted downward. The number of 

infiltrated inflammatory cells decreased. Therefore, at week 3, 

almost all hair follicles were in anagen phase. The signs of 

inflammation had disappeared (Figures 8, 9, and 10A). 

Skin thickness in the control group correlated with hair cycle 

phase and became thinner when hair follicles entered catagen 

phase. Skin thickness was 0.63 ± 0.05 mm at baseline and 0.31 ± 

0.01 mm at week 3. However, in the PDT group, skin became 

thicker until week 2 after PDT in spite of the decreased anagen hair 

percentage. Skin thickness at 15 min and 3 hr was 0.65 ± 0.02 mm 

and 0.61 ± 0.05 mm, respectively, and increased to 1.05 ± 0.04 

mm at week 2 (Figure 10B).  

In addition to the morphologic changes observed in the hair bulb, 

the sebaceous glands in PDT group appeared deformed upon 
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histologic examination. At 3 hr, 42.9% ± 10.2% of follicular units 

showed evidence of apoptotic or necrotic cells in the sebaceous 

glands. At day 2, all follicular units showed evidence of damaged 

sebaceous glands. Recovery of sebaceous glands began at day 3. 

The percentage of hair follicles with damaged sebaceous glands 

decreased to 11.6% ± 6.4% at week 3. No sebaceous gland 

damage was observed in the control group (Figure 10C).   

 

Bulge stem cells and dermal papillae in nonpigmented 

hair follicles were intact after one PDT session 

Staining with K15, a mouse bulge stem cell marker, was present at 

the bulge area in both the control and PDT groups throughout the 

3-week period (Figure 11). 

 Alkaline phosphatase, a dermal papilla marker, activity was present 

in both the control and PDT groups throughout the 3-week period. 

The catagen hair follicles in the control group and the hair follicles 

of catagen-like transformation in the PDT group showed smaller 

hair bulbs and smaller dermal papillae compared with anagen hair 

follicles at baseline (Figure 12).   
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TUNEL-positive cells were observed in the hair 

matrix of nonpigmented hair follicles after PDT 

During fluorescent TUNEL staining, TUNEL-positive cells were 

rarely seen at 15 min after PDT. However, at 3 hr, TUNEL-

positive cells were observed in the hair matrix, sebaceous glands, 

and epidermis. At day 1, TUNEL-positive cells were easily 

observed in the hair matrix. After day 1, the number of TUNEL-

positive cells decreased. The dermal papilla and bulge area did not 

show any evidence of TUNEL staining in the 3 days after PDT 

(Figure 13A). During chromogenic TUNEL staining, TUNEL-

positive cells were not observed at 15 min after PDT. However, at 

3 hr, several TUNEL-positive cells were observed in the hair 

matrix, sebaceous glands, and epidermis. At days 1, 2, and 3, 

positive TUNEL expression was maintained in the hair matrix. At 

week 1, TUNEL-positive cells were not readily observed and were 

rare at weeks 2 and 3 (Figure 13B). 

 

Apoptotic cells were observed in the hair matrix and 

sebaceous glands of nonpigmented hair follicles after 

PDT 
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A few hair matrix cells showed smaller, condensed nuclei and an 

eosinophilic cytoplasm 15 min after PDT. Those morphologic 

changes were revealed in almost all hair matrix cells at 3 hr. The 

deformed hair matrix moved upward from day 1 to week 1 (Figure 

14A). These findings were not observed during the normal hair 

cycle in the control group.  

A few sebocytes had smaller, condensed nuclei and an eosinophilic 

cytoplasm 15 min after PDT. Those morphologic changes of 

sebocytes became more prominent at 3 hr. At day 1, almost all 

sebocytes showed apoptotic features. Those morphologic changes 

were maintained through days 1, 2, and 3. The damaged sebocytes 

were fully regenerated after 1 week (Figure 14B).  

 

Inflammatory and immunoregulatory cytokines were 

induced by PDT hair removal  

IL-6, a proinflammatory cytokine, was induced by PDT hair 

removal at day 1 (123.5 ± 33.5 pg/mL) after PDT. The elevated 

IL-6 level persisted at days 2 and 3 (112.8 ± 24.3 pg/mL and 

80.7 ± 8.2 pg/mL, respectively). The elevations at day 2 and 3 

were significant compared with baseline levels (P < 0.05). After 

day 3, IL-6 decreased to 31.2 ± 0.9 pg/mL at week 1 (Figure 
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15A). TNF-α, another important proinflammatory cytokine, was 

also induced after PDT hair removal. TNF-α levels were very 

elevated at days 1 and 2 (173.5 ± 28.6 pg/mL and 158.2 ± 37.9 

pg/mL, respectively). At day 1, this elevation was significant (P < 

0.05) when compared with baseline levels (52.4 ± 18.2 pg/mL) 

(Figure 15B). TGF-β1 reached peak levels (170.6 ± 55.9 pg/mL) 

at day 2 after PDT hair removal. At day 3, this elevation was 

statistically significant (74.9 ± 13.1 pg/mL, P < 0.05) compared 

with baseline (19.1 ± 8.1 pg/mL) (Figure 15C). 

 

PDT hair removal induced COX-2 and SOD2  

SOD2 (25 kDa) was induced by PDT hair removal at day 1, at which 

time SOD2 expression was 2.1 times higher than at baseline. After 

day 1, SOD2 levels decreased. COX-2 (72 kDa) was not expressed 

at baseline. However, it was highly induced at 1 day after PDT hair 

removal and then fell dramatically at day 2. COX-2 expression at 

day 1 was 47.0 times than at day 2 (Figure 16). 

 

Permanent nonpigmented hair removal was observed 

after several sessions of PDT  

The first BALB/c mouse received four PDT sessions. The fluence 
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of 630-nm LED irradiation was 25 J/cm2 during the first session, 

37 J/cm2 during the second session, and 74 J/cm2 during the two 

subsequent sessions. After four PDT sessions, the BALB/c mouse 

showed an alopecic patch that remained even 6 weeks after the last 

PDT session (Figure 17A). The second BALB/c mouse also 

underwent four PDT sessions. The fluence of 630-nm LED 

irradiation was 25 J/cm2 during the first session and 37 J/cm2 during 

the three subsequent sessions. Although the LED fluence used for 

this mouse was lower than that used for the first mouse, the second 

BALB/c mouse also showed an alopecic patch 6 weeks after the last 

PDT session (Figure 17B). The third BALB/c mouse received three 

PDT sessions. The fluence of 630-nm LED irradiation was 5 J/cm2 

during the first session and 111 J/cm2 during the two subsequent 

sessions. Although this BALB/c mouse received fewer PDT 

sessions than the previous ones, the third mouse also showed an 

alopecic patch 6 weeks after the last PDT session. MAL cream was 

applied to a 2 × 2 cm2 area, and the areas of permanent hair 

removal in the first, second, and third mice were 1.54 cm2, 3.76 cm2, 

and 1.68 cm2, respectively (Figure 17C).  

 During histologic examination, intact hair follicles were rarely 

observed in the tissues of these three mice. A few hair follicles of 
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catagen-like transformation were observed (Figure 17). K15 was 

observed in some hair follicles, but it was faint, and the normal 

bulge structure had been lost (Figure 18A). Alkaline phosphatase 

activity was also rarely seen, and the hair bulbs had lost their 

original appearance (Figure 18B).  

 

The efficacy of PDT hair removal was different for 

pigmented and nonpigmented hair  

Nonpigmented hair removal was obvious at 2 weeks after the first 

PDT session (4-hr MAL incubation, 37 J/cm2). However, 

nonpigmented hair was regenerated at 3 weeks after the first PDT. 

Up to six subsequent sessions of PDT were conducted. At 6 weeks 

after the final PDT session, a small area of alopecic patches 

remained on the backs of these BALB/c mice. MAL cream was 

applied to a 1 × 1 cm2 area, and the areas of permanent hair 

removal on the first, second, and third BALB/c mice were 0.87 cm2, 

0.55 cm2, and 0.00 cm2, respectively. PDT was less effective in 

removing pigmented hair than nonpigmented hair. At week 2 after 

the first PDT, almost all pigmented hairs had been recovered. After 

the pigmented hair regenerated, up to six subsequent PDT sessions 

were performed. At 6 weeks after the final PDT session, most 
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pigmented hair was not removed. Almost all of the pigmented hair in 

C57BL/6 mice had regenerated, although a very tiny alopecic patch 

and whitened hairs were observed (Figure 19). Histologic 

examination of the alopecic patch in BALB/c mice revealed a few 

anagen hair follicles, and most hair follicles were in telogen phase. 

Numerous large dark basophilic amorphous things were observed 

around destroyed or catagen-like hair follicles. The mean skin 

thickness of the alopecic patch in BALB/c mice was 1.36 ± 0.09 

mm. During histologic examination of the alopecic patch in C57BL/6 

mice, a few anagen hair follicles were identified, and the collagen 

bundles appeared sclerotic. Melanin incontinence from the 

destroyed hair matrix was frequently observed. The mean skin 

thickness of the alopecic patch in C57BL/6 mice was 1.20 ± 0.18 

mm (Figure 20).   

 

Laser hair removal was efficient only for pigmented 

hair 

Pigmented hair was efficiently and promptly removed by 800-nm 

diode laser treatment (20 J/cm2, 10 ms). Skin coagulation with 

frosting was observed. At week 1, crusting was observed at the 

treated area. At weeks 6 and 8, the crusted skin had detached, and 
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hair removal was maintained. However, nonpigmented hair had not 

been removed. No changes to the skin or hair of BALB/c mice were 

observed immediately after laser treatment (20 J/cm2, 10 ms). 

Laser treatment on the backs of BALB/c mice also did not result in 

long-term changes to the skin or hair. No alopecic patches 

appeared on the backs of BALB/c mice throughout the 8-week 

period. 

Four combinations of laser fluence and pulse duration (15 J/cm2, 

7.5 ms; 20 J/cm2, 10 ms; 25 J/cm2, 12.5 ms; 30 J/cm2, 15 ms) were 

tested on both BALB/c mice and C57BL/6 mice. At 6 weeks after 

laser treatment using the various parameters, nonpigmented hair 

removal was not achieved. However, pigmented hair was removed 

regardless of the laser parameter used (Figure 21). 

 

The pigmented hair matrix and shaft were the targets 

of laser hair removal 

The pigmented hair matrix and shaft displayed multiple vacuolar 

changes and distortions immediately after 800-nm diode laser 

irradiation in C57BL/6 mice. Tissue coagulation around the 

pigmented shaft was also observed. Such morphologic changes and 

adjacent heat damage destroyed pigmented hair follicles 
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extensively. After 6 and 8 weeks, hair follicle regeneration was not 

observed. Some remnant sebaceous glands and dermal 

melanophages were present (Figure 22). 

No changes were observed in the nonpigmented hair matrix and 

shaft immediately after 800-nm diode laser treatment. No 

morphologic changes or adjacent heat damage was observed. After 

1 and 6 weeks, the hair follicle displayed a normal anagen 

appearance. After 8 weeks, natural-appearing catagen hair follicles 

were observed. No infiltrating inflammatory cells were found around 

hair follicles (Figure 23). 

In C57BL/6 mouse tissue, a few intact hair follicles with positive 

K15 staining were identified on the bulge area at 6 weeks after 

800-nm diode laser treatment. No hair follicles showed alkaline 

phosphatase activity. However, in BALB/c mouse tissue, many hair 

follicles with positive K15 staining were found in the bulge area 6 

weeks after 800-nm diode laser treatment. Many intact hair 

follicles with positive dermal papilla staining were observed on the 

hair bulb (Figure 24). 

The histologic findings suggest that laser hair removal was 

effective only for pigmented hair. This is in contrast to PDT hair 

removal, which was effective for nonpigmented hair (Figure 25).  



３２ 

 

 

Figure 3. Red fluorescence of PpIX after 4-hr MAL incubation  

PpIX in the mouse skin was observed as red fluorescence. (A) Tape 

stripping and hair removal lotion application were done as 

pretreatments before MAL cream application. Infrared irradiation 

was done during 4-hr MAL incubation (pretreatment group A). (B) 

Tape stripping was done as a pretreatment before MAL cream 

application. Infrared irradiation was performed during 4-hr MAL 

incubation (pretreatment group B). (C) No pretreatment was done 

before MAL cream application. Infrared irradiation was not 

performed during MAL incubation (nonpretreatment group). (D) 

PpIX was expressed in the sebaceous glands but not the hair 
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follicles in telogen phase (no staining under fluorescent microscope, 

original magnification ×100).  

 

  



３４ 

 

 

Figure 4. The effect of MAL incubation time and LED fluence on 

nonpigmented hair removal after PDT 

The first BALB/c mouse, which received 5 J/cm2 of 630-nm LED 

irradiation after 1-hr MAL incubation, showed little hair removal. 

The forth BALB/c mouse, which received 25 J/cm2 LED irradiation 

after 4-hr MAL incubation, showed prominent hair removal (MAL 

incubation time, fluence of 630-nm LED irradiation).  
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Figure 5. Serial pictures taken during a 3-week period after one 

PDT session for nonpigmented hair removal 

After shaving, the prompt regrowth of white hair was observed in 

control BALB/c mice. White hair regrowth in control BALB/c mice 

was complete in 1 week. However, in the PDT group (4-hr MAL 

incubation, 74 J/cm2 LED irradiation), the regrowth of white hair 
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was delayed until 3 weeks after PDT. The percentage of hair 

removed was 81.8% ± 0.2% (mean ± standard error %) at 1 

week, and at 3 weeks, 16.9% ± 14.6% of the treated area 

remained hairless.   
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Figure 6. Dermoscopic findings at 3 weeks after one PDT session for 

nonpigmented hair removal 

(A) No alopecic patches or erosions were observed in the control 

group. (B) A few erosions were observed in the PDT group. At 3 

weeks after PDT, alopecic patches in which hair regrowth was not 

present were observed.  
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Figure 7. Serial histology in the control group over a 3-week period  

All hair follicles were in anagen phase for 1 week. At week 2, hair 

follicles in catagen phase were observed. At week 3, all hairs were 

in telogen phase. No sign of inflammation was found around hair 

follicles through the hair cycle (H&E staining, original magnification 

×400). 
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Figure 8. Serial histology over a 3-week period after one session of 

nonpigmented hair removal using PDT 

At 15 min after PDT, no morphologic changes were observed during 

histologic examination. At 3 hr after PDT, inflammatory cells 

infiltrated the hair follicles. At day 1, the sebaceous glands and hair 

bulb showed a deformed appearance. Catagen-like transformation 

of hair follicles was observed at days 2 and 3. At week 1, no anagen 

hairs remained. At week 2, hair regeneration began. The hair bulbs 

became larger and shifted downward. Normal sebaceous glands 

appeared again. At week 3, almost all hair follicles were in anagen 

phase. The number of infiltrated inflammatory cells decreased 

(H&E staining, original magnification ×400).  

 

  



４１ 

 

 

Figure 9. Inflammatory cell infiltration after one session of 

nonpigmented hair removal using PDT 

(A) At 1 day after PDT, PMN granulocytes and lymphocytes were 

mainly observed around hair follicles (H&E staining, original 



４２ 

 

magnification ×400). (B) At 1 week after PDT, macrophages 

heavily infiltrated the hair follicles (H&E staining, original 

magnification ×400). 
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Figure 10. Changes in histologic findings over 3 weeks after one 

session of nonpigmented hair removal using PDT 

(A) Catagen-like transformation began at 1 day and was complete 

at 1 week after PDT. All hair follicles in the PDT group had finished 

regenerating at week 2. (B) Skin thickness increased until week 2 
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after PDT. The skin of PDT group mice was thicker than that of 

control group mice. (C) Damage to the sebaceous glands was first 

observed at 3 hr after PDT. The proportion of sebaceous damage 

peaked at day 2. Then, regeneration started. The percentage of 

damaged sebaceous glands decreased to 11.6% ± 6.4% at week 3.   
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Figure 11. K15 staining after one session of nonpigmented hair 

removal using PDT 

K15, a mouse bulge stem cell marker, was stained (red) throughout 

the 3-week periods in the control group. K15 was also stained at 

the bulge area throughout the 3-week period in the PDT group 

(Immunoperoxidase staining, original magnification ×400).  

 

 

  

<PDT group> 
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Figure 12. Alkaline phosphatase staining after one session of 

nonpigmented hair removal using PDT 

Dermal papilla was stained (black) using alkaline phosphatase, a 

dermal papilla marker, activity throughout the 3-week period in 

both the control group and the PDT group (alkaline phosphatase 

staining, original magnification ×200).  
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Figure 13. TUNEL staining after one session of nonpigmented hair 

removal using PDT 

(A) At 3 hr after PDT, cells with positive TUNEL staining (green 

fluorescent cells) were observed in the hair matrix, sebaceous 

glands, and epidermis. At day 1, positive TUNEL staining was more 

prominent. After day 1, the number of TUNEL-positive cells 

decreased. TUNEL-positive cells were rarely seen in the dermal 

papilla and bulge area throughout the 3-day period after PDT 

(fluorescent TUNEL staining, original magnification ×400). (B) At 

3 hr after PDT, cells with positive TUNEL staining (cells with 

brown-stained nuclei) were observed in the hair matrix, sebaceous 

glands, and epidermis. At days 1, 2, and 3, positive TUNEL staining 

was still observed in the hair matrix. The number of TUNEL-

positive cells decreased after day 3, and such cells were rarely 

seen at weeks 2 and 3 (chromogenic TUNEL staining, original 

magnification ×400). 
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Figure 14. Apoptotic changes in the hair matrix and sebaceous glands 

after one session of nonpigmented hair removal using PDT 

(A) In the PDT group, hair matrix cell nuclei became smaller and 

more condensed. The hair matrix cell cytoplasm became 

eosinophilic. Such changes were observed in a few hair matrix cells 

at 15 min after PDT (yellow rectangle). Those morphologic changes 

became obvious at 3 hr. The damaged hair matrix moved upward 

from day 1 to week 1 (H&E staining, original magnification ×400). 

(B) In the PDT group, the nuclei of sebocytes became smaller and 

more condensed. The cytoplasm of sebocytes became eosinophilic. 

Such changes were observed in a few sebocytes at 15 min after 

PDT (yellow rectangle). Those morphologic changes were 

maintained through days 1, 2, and 3. The damaged sebocytes were 

recovered at 1 week after PDT (H&E staining, original 

magnification ×400).  
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Figure 15.  ELISA of IL-6, TNF-α, and TGF-β1 after one 

session of nonpigmented hair removal using PDT 

(A) After PDT hair removal, the proinflammatory cytokines IL-6 

and (B) TNF-α and (C) the immunoregulatory cytokine TGF-β1 

were induced at 3 days. Levels decreased to normal values at 2 to 3 
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weeks after PDT hair removal (*P < 0.05 compared with the 

baseline).  
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Figure 16. Western blot of SOD2 and COX-2 after one session of 

nonpigmented hair removal using PDT 

(A) After PDT hair removal, SOD2 levels increased and peaked at 

day 1. COX-2 expression also increased prominently at day 1 and 

then decreased quickly. (B) Quantitative analysis of Western 

blotting bands also showed an abrupt increase in SOD2 and COX-2 

levels during the first 24 hr after PDT hair removal.   
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Figure 17. Permanent nonpigmented hair removal after several 

sessions of PDT 

The first column shows a mouse at 6 weeks after the last PDT. The 

second, and third columns show the histology of each mouse 

depicted in the first column (H&E staining; second column, original 

magnification ×100; third column, original magnification ×400). 

Those mice revealed alopecic patches, which persisted longer than 

6 weeks. (A) A total of four PDT sessions were performed (LED 

fluence: 25 J/cm2 at the first; 37 J/cm2 at the second; 74 J/cm2 at 
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the third and forth sessions). (B) A total of four PDT sessions were 

performed (LED fluence: 25 J/cm2 at the first; 37 J/cm2 at the 

second, third, and forth sessions). (C) A total of three PDT 

sessions were performed (LED fluence: 5 J/cm2 at the first; 111 

J/cm2 at the second and third sessions). 
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Figure 18. Bulge stem cells and dermal papillae after permanent 

nonpigmented hair removal using PDT  

(A) K15 staining of hair follicles in BALB/c mice at 6 weeks after 

the last PDT. Very slight K15 staining was observed in some hair 

follicles, and the normal hair follicle structure was not maintained 

(immunoperoxidase staining, original magnification ×400). (B) 

Alkaline phosphatase staining of hair follicles in BALB/c mice at 6 

weeks after the last PDT. Alkaline phosphatase staining was rarely 

seen (alkaline phosphatase staining, original magnification ×200). 
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Figure 19. Comparison of the efficacy of PDT for permanent removal 

of pigmented versus nonpigmented hair  

Temporary hair removal was the most obvious at 2 weeks after 

PDT in both BALB/c and C57BL/6 mice. Hair regeneration was 

observed at 3 to 4 weeks after PDT. Hair removal efficacy was 

superior in BALB/c mice. When the removed hair regenerated, 

subsequent PDTs were performed up to six times. At 6 weeks after 

the final PDT, alopecic patches remained in a limited area in BALB/c 

mice. At 6 weeks after the final PDT, the pigmented hair was 
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almost fully regenerated and no obvious permanent alopecic patches 

were present. 
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Figure 20. BALB/c and C57BL/6 mice at 6 weeks after the seventh 

PDT session  

(A) In the alopecic area of BALB/c mouse skin, a few anagen hair 

follicles were observed (H&E staining, original magnification 

×100). (B) Some telogen hair follicles with perifollicular 

inflammatory cells remained (H&E staining, original magnification 

×400). (C) Multiple dark basophilic amorphous things (yellow 

arrow) were observed adjacent to catagen-like hair follicles (H&E 

staining, original magnification ×400). (D) In the tiny alopecic area 

of C57BL/6 mouse skin, a few hair follicles were found among 

sclerotic collagen bundles (H&E staining, original magnification 

×100). (E, F) Melanin pigments were observed in the destroyed 

hair bulb (H&E staining, original magnification ×400).  
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Figure 21. Hair removal after laser treatment 

On the C57BL/6 mouse back, skin coagulation with frosting was 

observed immediately after 800-nm diode laser treatment (20 

J/cm2, 10 ms). The treated area showed crusted areas after 1 week 

that changed into alopecic patches at weeks 6 and 8. However, on 

the BALB/c mouse back, no changes to the skin or hair were 

observed immediately after 800-nm diode laser treatment. No 

alopecic patches were observed at weeks 1, 6, and 8 (20 J/cm2, 10 

ms). The pictures shown at week 8 after laser treatment were 

taken after shaving. The four combinations of laser fluence and 

pulse duration (15 J/cm2, 7.5 ms; 20 J/cm2, 10 ms; 25 J/cm2, 12.5 

ms; 30 J/cm2, 15 ms) were tested on both BALB/c mice and 

C57BL/6 mice. Alopecic patches were not observed on the BALB/c 

mouse back after 6 weeks. However, alopecic patches were 
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observed on the C57BL/6 mouse back after 6 weeks for all four 

parameter combinations. Tx.: treatment. 
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Figure 22. Pigmented hair removal using an 800-nm diode laser 

The immediate vacuolation and distortion of hair shaft and matrix 

was observed right after 800-nm diode laser treatment in C57BL/6 

mice. Heat coagulation of the collagen bundles adjacent to hair shaft 

was observed (yellow arrow). After 6 and 8 weeks, no intact hair 

follicles were observed. In the dermis, some sebaceous glands 

without intact hair follicles and dermal melanophages were 

identified (H&E staining, original magnification ×100, ×400). Tx.: 

treatment. 
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Figure 23. Nonpigmented hair removal using an 800-nm diode laser 

Anagen hair maintained a normal appearance without any evidence 

of tissue coagulation and inflammatory cell infiltration immediately 

after 800-nm diode laser treatment in BALB/c mice. Anagen hair 

follicles were still observed after 1 week. After 6 weeks, anagen 

phase of the next natural hair cycle was observed (H&E staining, 

original magnification ×100, ×400). Tx.: treatment. 
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Figure 24. Bulge stem cells and dermal papillae after laser hair 

removal 

(A, B) K15 staining of hair follicles in C57BL/6 mice at 6 weeks 

after 800-nm diode laser treatment. A few intact hair follicles with 

positive K15 staining were identified on the bulge area. K15-

positive cells were observed to lose connection to normal hair 

follicle (immunoperoxidase staining, A: original magnification ×100, 

B: original magnification ×400). (C) Alkaline phosphatase staining 

of hair follicles in C57BL/6 mice at 6 weeks after 800-nm diode 

laser treatment. No alkaline phosphatase staining was observed on 

hair follicles (alkaline phosphatase staining, original magnification 

×100). (D, E) K15 staining of hair follicles in BALB/c mice 6 

weeks after 800-nm diode laser treatment. Many hair follicles with 

positive K15 staining in the bulge area were observed 

(immunoperoxidase staining, D: original magnification ×400, E: 

original magnification ×400). (F) Alkaline phosphatase staining of 
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hair follicles in BALB/c mice 6 weeks after 800-nm diode laser 

treatment. There were many intact hair follicles with positive 

alkaline phosphatase staining on the dermal papilla (alkaline 

phosphatase staining, original magnification ×200). 
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Figure 25. Histologic comparison between laser hair removal and 

PDT hair removal 

(A) Hair follicles of C57BL/6 mouse immediately after 800-nm 

diode laser hair removal. A deformed pigmented hair shaft and hair 

matrix was observed, with no sign of inflammatory cell infiltration. 

Coagulated collagen bundles in the dermis were identified around 

hair follicles. (B) Hair follicles of BALB/c mouse immediately after 

800-nm diode laser hair removal. Normal anagen phase was 
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observed without any histologic changes. (C) Hair follicles of 

C57BL/6 mouse at 1 week after PDT hair removal.  Inflammatory 

cells have infiltrated, though many anagen hair follicles have 

maintained their structure. (D) Hair follicles of BALB/c mouse at 1 

week after PDT hair removal. The hair matrix and sebaceous glands 

have been destroyed by heavily infiltrating inflammatory cells. (A) 

and (D) show the labile features of hair removal treatment, and (B) 

and (C) show the resistant features of hair removal treatment (H&E 

original magnification ×100). 
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Discussion 

 

In order for PDT to destroy hair follicles, two conditions must be 

met. First, a photosensitizer must be absorbed into the hair follicle. 

Second, the light that activates the photosensitizer must penetrate 

to the depth of the hair follicle within the skin.  

For the photosensitizer to be absorbed, infiltration to tissue should 

be performed first. Generally, precursors of the photosensitizer 

penetrate damaged skin better than normal skin (25). However, hair 

removal is usually performed on normal skin. Therefore, we applied 

tape stripping, hair removal lotion, and infrared irradiation to 

improve the infiltration of MAL into hair follicles. However, we 

confirmed that MAL infiltrates mouse hair follicles well even 

without such pretreatment. The lipophilicity of MAL, which 

enhances its ability to penetrate tissue, can explain this result. In 

addition, the pore of the hair follicle can serve as a direct route for 

MAL absorption (34). Absorption into the skin can occur regardless 

of whether the skin barrier is intact.   

MAL was well absorbed to hair bulbs and metabolized to PpIX, an 

active photosensitizer. PpIX was selectively expressed in anagen 

hair bulbs and sebaceous glands. PpIX is generated from MAL in 
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intracellular mitochondria. Highly proliferative cells with increased 

metabolism produce PpIX at an increased rate (35). The hair matrix 

in the anagen hair bulb is composed of highly proliferative 

keratinocytes. The sebaceous gland uses holocrine secretion that 

requires secretary cell proliferation. These characteristics help to 

explain the selective expression of PpIX in anagen hair bulbs and 

sebaceous glands. In telogen phase, the hair matrix is not 

proliferative. In our study, the telogen hair bulb did not express red 

fluorescence. Therefore, the first condition of PDT hair removal is 

met when the hair follicle is in anagen phase.  

A 630-nm wavelength, which was used as a light source in the 

current study, penetrates up to 5 mm into the skin (36, 37). The 

mouse hair follicle depth is ~140 µm in telogen phase and ~450 to 

550 µm in anagen phase (38). Therefore, 630-nm LED light can 

reach the lowest portion of the mouse hair follicle, meeting the 

second condition.  

The optimal MAL incubation time and light source dose for mouse 

hair removal using PDT are not known. In this study, a longer 

incubation time (4 hr) and higher LED fluence (25 J/cm2) showed 

superior hair removal efficacy. The longer incubation time gives 
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MAL to the opportunity to enzymatically produce more PpIX. Higher 

LED fluence is known to make PpIX more photoactivated.  

Nonpigmented hair was well removed after one session of PDT. 

However, most hair regenerated in 3 weeks, so this was regarded 

as a temporary hair removal. Permanent hair removal is defined by 

the US Food and Drug Administration as a long-term and stable 

reduction in the number of hairs after a treatment regimen. A 

significant reduction in the number of hairs must be maintained for a 

period longer than the duration of the complete hair cycle (39). The 

murine hair cycle is completed in 6 weeks (40). Therefore, in this 

mouse study, we regarded hair removal that persisted for more than 

6 weeks as permanent hair removal.  

PDT destroys target tissue via direct cell killing or a biologic 

modifying response (41). Direct cell killing is carried out by 

reactive oxygen species (ROS), which are generated during 

photoactivation of a photosensitizer. ROS impair the membrane of 

cells and subcellular organelles, which leads to apoptosis (42). PDT 

increases the immune response and inflammation of the target 

tissue, which can induce cell necrosis (43). When the light dose is 

high, the target tissue tends to be destroyed by necrosis (44). 

However, when the light dose is low, apoptosis is the main 
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mechanism of target tissue ablation (45). Singlet oxygen, which is 

the most representative ROS used during PDT, has very short half-

life (nanoseconds), and histologic studies are lacking (46). The 

increased levels of SOD2, which scavenges ROS, found in Western 

blotting suggest oxidative damage after PDT. The biologic 

modifying response by PDT was readily observed using H&E 

staining. PMN granulocytes, lymphocytes, and macrophages 

subsequently infiltrated the hair follicles after PDT. These time-

dependent changes in inflammatory infiltration correspond with the 

findings of a previous histologic study on basal cell carcinoma after 

PDT (47). Such PDT-induced inflammation is considered to be an 

important mechanism of target cell death. Elevations in IL-6, TNF-

α, TGF-β1, and COX-2 levels after PDT were confirmed in this 

study. IL-6 is a central mediator of the acute-phase response. It 

recruits neutrophils and differentiates monocytes to macrophage 

(48, 49). TNF-α is a very important, primary cytokine triggering 

leukocyte trafficking. TGF-β1 has a immunoregulatory role and an 

inhibitory effect on hair growth. COX-2 induces prostagladin I2, 

which is an important target of many anti-inflammatory drugs (50). 

These cytokines and enzymes were induced at 1 week after PDT 

and then returned to baseline levels.  
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 The most characteristic histologic finding after PDT hair removal 

was the catagen-like transformation of anagen hair follicles. That is, 

the catagen phase was artificially induced by PDT. The catagen-

like transformation in the PDT group was different from the catagen 

phase of a natural hair cycle. The apoptotic features of the hair 

matrix, like condensed nuclei and eosinophilic cytoplasm, were very 

obvious during catagen-like transformation after PDT.  

In the PDT group, skin thickness was higher during the catagen-

like transformation phase than during the anagen phase, though the 

skin is thinner during normal catagen phase than during anagen 

phase. In order to investigate the mechanisms of catagen-like 

transformation of anagen hair follicles, we examined bulge stem 

cells and dermal papillae, which are vital for both the hair cycle and 

hair regeneration, and we anticipated that at least one of these 

elements would be damaged by PDT. However, there was no 

histologic evidence to suggest damage to bulge stem cells or dermal 

papillae throughout the 3-week period after PDT. We used a 

TUNEL assay to identify that the hair matrix is the target of PDT 

hair removal. Apoptotic features were clearly revealed by H&E 

staining in the hair matrix. Such apoptotic cell death was also 

observed in sebaceous glands, but not in the bulge area. Apoptotic 
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cell death after PDT occurred selectively in the hair matrix and 

sebaceous glands. Bulge stem cells and dermal papillae are 

generally not hyperproliferative. This suggests that bulge stem 

cells and dermal papillae do not accumulate PpIX and are not 

damaged after PDT. The preserved bulge stem cells and dermal 

papillae regenerated hair follicles after PDT hair removal.  

However, we observed permanent nonpigmented hair removal in 3 

BALB/c mice after three or four sessions of PDT. We used various 

arbitrary light doses for PDT. In all three mice, multiple sessions of 

PDT induced hair removal persisting for 6 weeks. Anagen hair 

follicles with intact hair matrix were not observed during histologic 

examination. Staining of bulge stem cells was faint, and they had 

lost their morphologic connection to the hair follicle. Dermal papillae 

were not observed during alkaline phosphatase staining. These 

findings suggest that bulge stem cells and dermal papillae are not 

the selective targets of PDT, as they were preserved after one PDT 

session in our study. The unexpected damage to bulge stem cells 

and dermal papillae can be explained by a bystander effect. Necrotic 

cell death due to PDT can release calcium and toxic byproducts. 

This leakage will induce subsequent fatal damage in neighboring 

cells (42). PDT primarily destroys hair matrix cells and sebaceous 
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glands. Dermal papillae are adjacent to the hair matrix, and bulge 

stem cells are located near sebaceous glands. When the bystander 

effect accumulates after repeated PDT sessions, a dermal papilla or 

bulge stem cell might be impaired severely, which leads to hair 

regeneration failure and permanent hair removal.  

However, a literature search revealed another explanation for this 

finding. Hsu et al. (51) reported that transit-amplifying cells 

(TACs) in the hair matrix play a vital role in stem cell activation 

and hair regeneration. TACs express sonic hedgehog (SHH). TAC-

derived SHH is essential for bulge stem cell activation. Hair 

regeneration would fail without the TAC signal, meaning that 

complete depletion of the hair matrix can lead to permanent hair 

removal, even without the bystander effect. However, we do not 

think complete depletion of the hair matrix by PDT is easily 

achieved, because destroyed TACs can be replenished by existing 

primed stem cells at the bulge area. The regenerated TACs activate 

quiescent bulge stem cells to generate primed stem cells. This 

indefinite loop would not be broken by the highly selective 

destruction of the hair matrix. 

When we did three-week serial investigations after one PDT 

session, we used 74 J/cm2 LED fluence. It was twice as high as 
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clinical dose, 37 J/cm2 in human (52). The high LED fluence was 

used in order to maximize PDT effect on hair follicles in the 

experimental setting. Some mice developed skin ulcers during PDTs 

with 0.32 g MAL cream application on a 2 × 2 cm2 area and 74 

J/cm2 LED fluence. Therefore, when we conducted seven PDT 

sessions on BALB/c and C57BL/6 mice, we modified our PDT 

parameters. We decreased the amount of MAL cream applied from 

0.32 g on a 2 × 2 cm2 area to 0.08 g on a 1 × 1 cm2 area, and 

light fluence from 74 J/cm2 to 37 J/cm2. However, in this 

experiment, we achieved permanent hair removal in a very limited 

area. A lower amount of MAL cream and a lower light dose resulted 

in less effective hair removal.  

After multiple PDTs, macroscopic hair removal was only 

temporary, not permanent in C57BL/6 mice. C57BL/6 mice have 

completely black skin when the hair follicles are in anagen phase. A 

large amount of melanin pigment in the skin could absorb LED light 

and interfere with the photoactivation of PpIX. Furthermore, 

melanin has been reported to have antioxidant properties that 

hinder lipid peroxidation (53). Such properties of melanin can 

decrease the efficacy of PDT hair removal in C57BL/6 mice.  
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Unlike with PDT, black hair was easily removed by diode laser 

treatment. The diode laser promptly destroyed black hair, and the 

damaged hair follicles were not regenerated for 8 weeks. In 

histologic analysis, the target of diode laser was found to be the 

hair shaft and matrix containing melanin. After laser treatment, 

intact hair bulbs were rarely seen. The remaining sebaceous glands 

and bulge stem cells were observed to lose their intact hair follicle 

morphology. Permanent laser hair removal seems to be achieved via 

the bystander effect. Heat energy transferred from the 

chromophore is assumed to destroy dermal papillae. Larouche et al. 

(54) reported that damage caused by heat sometimes extended 

over the dermal papilla cells, whereas stem cells were mostly 

spared after IPL hair removal. This finding might be explained by 

the distance from the hair matrix. The hair matrix has large amount 

of melanin, and it is considered to be the main target of laser 

treatment. Bulge stem cells are located far from the hair matrix 

compared with dermal papillae.  

For pigmented hair removal, the efficacy of laser treatment was 

vastly superior to that of PDT in our study. However, for 

nonpigmented hair removal, laser treatment had no effect on the 

hair follicle. Even temporary removal was not possible using laser 



７９ 

 

treatment. This study showed the mutual complementary results of 

laser hair removal and PDT hair removal.  

This study found that the target of PDT hair removal is the anagen 

hair matrix, regardless of pigmentation. Nonpigmented hair matrix 

is more likely to be destroyed by PDT. The target of laser hair 

removal is the pigmented hair shaft and matrix. Both hair removal 

regimens do not target primarily bulge stem cells and dermal 

papillae, which are vital components of hair regeneration. 

Permanent hair removal by PDT or laser therapy is supposed to be 

possible only when bulge stem cells or dermal papillae are 

destroyed via the bystander effect. In the case of laser hair removal, 

the bystander effect is due to heat energy transfer, and in the case 

of PDT hair removal, it is due to PDT-induced inflammation and 

necrotic byproducts from neighboring target cells. PDT-induced 

inflammation and the generation necrotic byproducts tend to occur 

more often when a larger amount of MAL cream is applied and a 

higher light dose is used for irradiation.  

In conclusion, permanent nonpigmented hair removal is possible 

when a large amount of photosensitizer and a high-dose light 

source are used. However, such conditions could cause 

considerable pain and complications in clinical practice. In this 
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animal study, we found it was possible to remove nonpigmented hair 

using PDT. For the safe application to human subjects, a clinical 

study investigating the optimal amount of photosensitizer and light 

dose is needed. 
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국문 초록 

 

레이저 제모술은 원치 않는 털을 제거하기 위해서 가장 널리 사용되는 

치료법이다. 그러나 금발 또는 백발과 같은 비색소 털은 레이저 

에너지를 흡수할 수 있는 발색단이 부족하여 레이저 제모가 이루어지지 

않는다. 본 연구는 새로운 제모 치료법로서 비색소 털의 제모에 광역동 

치료를 이용하고 그 기전을 탐색하고자 한다.     

Methyl aminolevulinate 크림을 7주령 BALB/c 마우스의 삭모한 등에 

도포한 뒤 밀봉하였다. 4시간 후 630nm 파장의 발광 다이오드를 74 

J/cm2 조사하였다. 광역동 치료 후 15분, 3시간, 1일, 2일, 3일, 1주, 2주, 

3주 뒤에 각각 사진을 찍고, 피부 조직 검사를 시행하였다. 광역동 치료 

후 비색소 모낭의 조직학적 변화를 살펴보고, Western blot, ELISA 

등의 방법으로 분자생물학적 변화를 살펴보았다. 이후 광역동 치료의 

영구 제모 효과를 비교하기 위하여 흰 BALB/c 마우스와 검은 

C57BL/6 마우스의 등에 광역동 치료를 반복하였다. 레이저 치료와 

제모 효과를 비교하기 위하여 흰 BALB/c 마우스와 검은 C57BL/6 

마우스의 등에 800 nm 다이오드 레이저를 조사하였다.  

광역동 치료 후 비색소 모낭은 퇴행기 모낭과 같은 모양으로 변한 다음 

3 주 이내에 다시 재생되었다. 모낭 줄기세포의 표지자인 Keratin 15 와 

모유두의 표지자인 alkaline phosphatase 는 광역동 치료 후에도 사라지

지 않고 지속적으로 관찰되었다. TUNEL 염색 양성 세포는 광역동 치료 



９１ 

 

후 3 시간부터 3 일까지 모기질에서 관찰되었다. 광역동 치료 후 모기질 

세포의 핵은 짙은 호염기성을 띠며 응축되었다. 광역동 치료 후 약 1 일

이 지나면 interlukin-6, tumor necrosis factor-α, transforming 

growth factor-β1, superoxide dismutase 2 그리고 

cyclooxygenase-2 의 발현이 증가되었다. 레이저 치료 후 비색소 털

의 제모는 전혀 관찰되지 않았다. 반면 수 차례 반복한 광역동 치료 후 

제한된 범위에서 일부 비색소 털의 영구 제모가 관찰되었다. 검은 털의 

경우 광역동 치료에 비해 레이저 치료가 우수한 제모 효과를 보였다.  

본 연구는 광역동 치료 시 생장기 비색소 모낭의 모기질이 선택적으로 

파괴됨을 조직학적으로 확인하였다. 광역동 치료를 반복할 경우 비색소 

털의 영구적인 제모가 관찰되었다. 이는 광역동 치료로 염증 반응이 유

도되고, 괴사된 세포에서 나온 부산물로 인하여 모낭 줄기세포와 모유두

에 의한 모낭 재생이 저해되었기 때문으로 생각된다. 원치 않는 과도한 

비색소 털을 제거하기 위한 목적으로 광역동 치료를 새로운 제모법으로 

고려할 수 있겠다.  

---------------------------------------- 

주요어 : 광역동 치료, 레이저, 백모, 제모 

학  번 : 2011-30557 
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Abstract 

 

Nonpigmented hair removal using 

photodynamic therapy 

 

 

Hyoseung Shin 

Medicine, Dermatology 

The Graduate School 

Seoul National University 

 

 

Lasers have been used for decades to remove dark hair. However, 

laser removal of nonpigmented hair is not possible, because blond 

or white hair lacks energy-absorbing chromophores. The aims of 

this study were to use photodynamic therapy (PDT) to remove 

nonpigmented hair and to investigate the mechanisms involved in it 

using an animal model. 

Methyl aminolevulinate cream was applied to the depilated backs of 

7-week-old BALB/c mice. After 4-hr incubation, 630-nm light-

emitting diode irradiation (74 J/cm2) was performed. Skin biopsy 

specimens were collected from mice after 15 min, 3 hr, 24 hr, 48 hr, 

72 hr, 1 week, 2 weeks, and 3 weeks. Post-PDT histologic changes 

in nonpigmented hair follicles were investigated. Molecular changes 

were evaluated with either Western blot analysis or enzyme-linked 



ii 

 

immunosorbent assay. The efficacy of permanent hair removal was 

compared in white BALB/c and black C57BL/6 mice treated with 

PDT or 800-nm diode laser. 

A temporary, catagen-like transformation was observed in 

nonpigmented hair follicles after PDT. Within 3 weeks, anagen hair 

was regenerated. Keratin 15 staining in the bulge area and alkaline 

phosphatase staining in the dermal papilla were also observed 

throughout the 3-week period following PDT. Deoxynucleotidyl 

transferase-mediated UTP end labeling-positive cells were 

observed in the hair matrix from 3 hr to 3 days after PDT. The 

nuclei of hair matrix cells became basophilic and condensed after 

one session of PDT. One day after PDT, levels of interlukin-6, 

tumor necrosis factor-α, transforming growth factor-β1, 

superoxide dismutase 2, and cyclooxygenase-2 increased. 

Irradiation with an 800-nm diode laser did not achieve 

nonpigmented hair removal. Permanent removal of nonpigmented 

hair was achieved on a small portion of the mouse back after 

multiple PDT sessions. Removal of black hair using PDT was less 

efficient compared with 800-nm diode laser removal. 

Our results suggest that PDT can damage the nonpigmented hair 

matrix, but not stem cells or dermal papillae. Repeated PDT may 

impair the hair-regeneration capacity via a bystander effect on 

bulge stem cells or dermal papillae. PDT could be considered a new 

treatment option for nonpigmented hair removal.  

------------------------------------- 

Key Words: hair removal, laser, photodynamic therapy, white hair 

Student number: 2011-30557 
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Introduction 

 

Excessive and unwanted hair growth  

Many individuals suffer from excessive facial or body hair, which 

can cause low self-esteem and even impair the quality of life (1). 

Excessive hair is generally classified as hirsutism or hypertrichosis. 

Hirsutism is an abnormal male-pattern hair growth disorder in 

women caused by androgenic hormones. Hirsutism can be 

diminished by treatment of underlying diseases like polycystic 

ovary syndrome or androgen-secreting tumors (2). Hypertrichosis 

is increased hair growth at any sites regardless of androgen effect 

(3). Generalized hypertrichosis can be due to various congenital 

syndromes, thyroid disease, or medications (4-6). Localized 

hypertrichosis can be induced by various nevi, porphyria, or local 

inflammation (7-9). Hypertrichosis can be masked by shaving or 

plucking, but these are temporary solutions. In addition to 

pathological conditions, even normal hair such as a man’s beard or 

woman’s axillary hair can be unwanted, and are often removed for a 

neat appearance.  

 

Development of laser hair removal  
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In 1996, successful hair removal using a 694-nm ruby laser was 

reported for the first time. In that study, brown or black hair 

showed a significant decrease and delay in hair regrowth after laser 

irradiation (10). The mechanism of laser hair removal is explained 

by the extended theory of selective photothermolysis. The melanin 

in the hair shaft absorbs laser energy selectively when the pulse 

duration of the laser is less than or equal to the thermal relaxation 

time of the hair shaft (10). The heat from the chromophore spreads 

out to vital targets on the hair follicle, achieving hair removal (11).  

After this significant advance, laser hair removal became a very 

popular procedure worldwide. A survey performed in the United 

States from 1999 through 2010 showed that laser hair removal has 

always been among the top 5 popular dermatologic cosmetic 

procedures (12). Long-pulsed ruby, long-pulsed alexandrite, 

long-pulsed diode, and long-pulsed neodymium-doped yttrium 

aluminum garnet (Nd:YAG) lasers, and intense-pulsed light sources 

have been used for hair removal (13-17). A meta-analysis 

revealed that hair was reduced by 57.5, 42.3, 54.7, and 52.8% after 

three sessions with diode, Nd:YAG, alexandrite, and ruby lasers, 

respectively, at 6 months after the last laser treatment (18). 
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The limitation of laser hair removal 

Laser hair removal still has some limitations. First, dark skin 

interferes with selective energy absorption by the melanin hair 

shaft. When laser hair removal is performed on dark skin, the risk 

of burn is very high (19). With advances in photomedicine and laser 

devices, the first limitation is partially overcome. The longer 

wavelengths used in the diode laser (810 nm) and Nd:YAG laser 

(1,064 nm) are less absorbed by epidermal melanin. Epidermal 

cooling also protects the epidermis thermally. Laser treatments 

with an effective epidermal cooling system can result in permanent 

hair removal without significant complications in dark skin, when 

performed with caution (20). The second limitation of laser hair 

removal is that white or blond hair cannot absorb laser energy 

because of low levels of eumelanin (21). The second limitation has 

not yet been resolved. Therefore laser treatment cannot be used to 

remove blond or white hair (Figure 1), and other modalities must be 

used to remove nonpigmented hair.  

 

Previous trials of nonpigmented hair removal 

Electrolysis is an old method using a fine electric needle. The 

needle is inserted into the hair follicle and ablates it with electric 
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current. Although electrolysis can remove hair regardless of its 

color, it is a time-consuming and painful process. Its efficacy varies 

depending on the therapist’ s skill level. The side effects of 

electrolysis hair removal, including postinflammatory hyper-

pigmentation, hypopigmentation, and scarring, are more frequent 

than laser hair removal (22).  

One study added a chromophore to nonpigmented hair by using 

topical carbon solution dissolved in mineral oil. By adding a 

chromophore, nonpigmented hair was changed to pigmented hair, 

and could be removed by laser (23). However, its efficacy was not 

reliable and fell short of expectations (3).  

A device combining intense pulsed light (IPL) and radiofrequency 

was previously reported to remove 52% of blond hair and 44% of 

gray hair for six months after four treatments (24). However, these 

results were controversial, because it is possible that even blond or 

gray hair might have contained some melanin. Thus, the limited 

efficacy of hair removal might be due to the limited amount of 

melanin in blond or gray hair.   

 

Photodynamic therapy as a new modality for hair 

removal 
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Photodynamic therapy (PDT) was discovered by observing that a 

photosensitizer is activated by light and induces a cytotoxic reaction 

(25). PDT has been applied actively in the dermatologic field 

because the skin is easy to access. PDT is used mainly for 

nonsurgical treatment of skin cancers and premalignant lesions, 

including actinic keratosis, Bowen’s disease, and superficial basal 

cell carcinoma (26-28). PDT can be suggested as a novel hair 

removal technique regardless of hair color or skin darkness, 

because PDT does not target a chromophore like melanin. Light, 

oxygen, and photosensitizer are essential for PDT, but chromophore 

is not needed. The topical photosensitizers most commonly used 

during PDT are 5-aminolevulinic acid (5-ALA) and its lipophilic 

form, methyl aminolevulinate (MAL). The previous study reported 

that PDT using 5-ALA induced hair follicle damage and inhibited 

the hair cycle in Sprague-Dawley rats. However, the detailed 

nature and results of hair damage were not well described (29). 

Grossman et al. (30) reported that PDT achieved more than 50% 

hair removal in eleven subjects and persisted for six months. 

However, this was not published as an article. In 2005, Goldberg et 

al. (31) reported that PDT, using a device combining IPL and 

radiofrequency, achieved 48% hair removal of bright hair that 
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persisted for six months in fifteen subjects. However, it was 

unclear whether such efficacy was due to PDT or to the other 

combined device. Only a few studies support the idea that PDT is 

effective for hair removal (32).  

 

The objectives of this study  

Many Koreans, who have rather dark skin, are prone to burns 

during laser hair removal therapy. Whites have bright hair lacking 

eumelanin, which resists laser hair removal, though many light-

skinned subjects seek hair removal therapy. There is a need to 

develop novel treatments that remove nonpigmented hair or hair on 

dark skin. The aims of this study were to use PDT to remove 

nonpigmented hair and to investigate the mechanisms involved in it 

using an animal model. 
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Figure 1. Limitations of laser hair removal  

(A) Before laser hair removal. (B) After laser hair removal, the 

number of black hairs decreases. However, white hair resists laser 

treatment (Courtesy of Wooseok Koh M.D).  
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Materials and Methods 

 

Animals  

BALB/c female mice were used to study nonpigmented hair removal, 

and C57BL/6 female mice (Orient Bio, Seongnam, Korea) were used 

to study pigmented hair removal. Animals were kept under 

specific-pathogen-free conditions. All animal experiments were 

approved by the institutional animal care and use committee of 

Seoul National University Hospital (IACUC No. 13-0278-C1A0).  

Skin biopsy specimens were obtained, and the skin sample was 

divided into three pieces. The first sample was fixed in 4% 

formaldehyde and embedded in paraffin. The second sample was 

embedded in optimal cutting temperature (OCT) compound (Leica 

Biosystems, Richmond, IL, USA) and then frozen in liquid nitrogen. 

The third sample was directly frozen in liquid nitrogen for molecular 

analysis.  

 

MAL absorption study 

The back skin of three 13-week-old BALB/c female mice in 

anagen phase were shaved, and 0.08 g 16% MAL cream (Metvix; 
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Galderma, Watford, UK) was applied to a 1 × 1 cm2 area. The 

application area was occluded by covering it with a polyurethane 

dressing (Tegadem; 3M Healthcare, Loughborough, UK), and 

opaque gauze for 4 hr. These mice were sorted into the 

nonpretreatment group. 

Another three 13-week-old BALB/c female mice were shaved, 

and hair removal lotion (Nair cream; Church and Dwight, Ewing 

Township, NJ, USA) was applied. After 5 min, the hair removal 

lotion was washed. Ten times of tape stripping on the shaved back 

was added before the MAL cream was applied. The mice underwent 

4-hr MAL incubation with infrared irradiation to keep the skin 

warm (~40°C). These mice were sorted into pretreatment group A. 

The remaining three 13-week-old BALB/c female mice were 

shaved, and tape stripping was performed ten times on a shaved 

area of the back. After the application of MAL cream, the mice 

underwent 4-hr MAL incubation with infrared irradiation. These 

mice were sorted into pretreatment group B. 

After MAL incubation, skin biopsy specimens were removed 

promptly and processed for 5-μm frozen sectioning. The frozen 

section slides were examined immediately and photographed with a 

fluorescence microscope (Olympus BX61; Olympus, Tokyo, Japan). 
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Incubation time and light-dose testing for 

nonpigmented hair removal using PDT 

The backs of four 7-week-old BALB/c female mice were depilated 

to synchronize the hair cycle. After 1 week, hair follicles were 

synchronized to anagen phase, 0.32 g 16% MAL cream was applied 

to a 2 × 2 cm2 area, and an opaque dressing was used to cover the 

area for MAL incubation. The MAL-applied area was cleansed with 

water before light-emitting diode (LED) irradiation. The back of 

each mouse was then exposed to 630-nm LED (Aktilite CL128 

Lamp; Galderma, Watford, UK) light from a 10-cm distance (Figure 

2). The first mouse received 5 J/cm2 LED irradiation after 1-hr 

MAL incubation. The second mouse received 5 J/cm2 LED 

irradiation after 4-hr MAL incubation. The third mouse received 25 

J/cm2 LED irradiation after 3-hr MAL incubation. The forth mouse 

received 25 J/cm2 LED irradiation after 4-hr MAL incubation. 

Pictures were taken 1 week after PDT.  

 

Three-week serial investigations after one PDT 

session 
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BALB/c female mice were divided into a control group and a PDT 

group. The backs of all mice were depilated at age 7 weeks to 

synchronize the hair follicle cycle to anagen phase. In the PDT 

group, 0.32 g 16% MAL cream was applied to a 2 × 2 cm2 area, 

and the area was covered with an opaque dressing for 4 hr. After 

cleansing, the mice were exposed to 74 J/cm2 630-nm LED 

irradiation. In the control group, MAL application and LED 

irradiation were not conducted. Digital pictures were taken at 

baseline and 15 min, 3 hr, 1 day, 2 days, 3 days, 1 week, 2 weeks, 

and 3 weeks after PDT using a digital camera and dermoscopy. 

After taking pictures, skin biopsies were performed. The efficacy of 

hair removal was analyzed using ImageJ (National Institutes of 

Health, Bethesda, MD, USA). Thickness of the skin was measured 

microscopically. The anagen hair follicle percentages and the 

proportion of hair follicles with damaged sebaceous glands were 

calculated by examining 5 high-power fields (×400) per 

hematoxylin and eosin (H&E) slide.  

 

Multiple sessions of PDT for permanent hair removal  

Three BALB/c female mice were examined to assess the possibility 

of using PDT to achieve permanent removal of nonpigmented hair. 
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The backs of three 7-week-old mice were depilated, and 0.32 g 16% 

MAL cream was applied to a 2 × 2 cm2 area, which was then 

covered by an opaque dressing for 4 hr. After cleansing, the mice 

were exposed to various fluences of 630-nm LED irradiation (mean 

LED fluence: 34.0 J/cm2, 52.5 J/cm2, and 75.7 J/cm2 respectively 

on each mouse). The sequent PDTs were done when the removed 

hair had regenerated. When the alopecic patch remained at six 

weeks after the last PDT session, pictures were taken and skin 

biopsy specimens obtained.  

 

Comparison of the efficacy of PDT for pigmented 

versus nonpigmented hair removal 

Nine BALB/c female mice and nine C57BL/6 female mice were 

purchased to investigate the feasibility of permanent hair removal 

using PDT. The backs of all mice were depilated at age 7 weeks, 

and 0.08 g 16% MAL cream was applied to a 1 × 1 cm2 area, which 

was then covered by an opaque dressing for 4 hr. After cleansing, 

the mice were exposed to 37 J/cm2 630-nm LED irradiation. The 

sequent PDTs were performed when the removed hair had 

regenerated. Seven PDT sessions were conducted on both BALB/c 

and C57BL/6 mice. One week after each PDT session, skin biopsy 
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specimens were taken from one BALB/c mouse and one C57BL/6 

mouse in each group. Pictures were taken of three BALB/c mice 

and three C57BL/6 mice and skin biopsy specimens obtained 6 

weeks after the last PDT session.  

 

Laser hair removal  

Nine BALB/c female mice and nine C57BL/6 female mice were used 

to investigate the efficacy of laser hair removal. The backs of all 

mice were depilated at age seven weeks. Two BALB/c mice and 

two C57BL/6 mice received 800-nm diode laser (LightSheer; 

Lumenis, Yokneam, Israel) irradiation with four sets of energy 

parameters (fluence, pulse duration: 15 J/cm2, 7.5 ms; 20 J/cm2, 10 

ms; 25 J/cm2, 12.5 ms; 30 J/cm2, 15 ms) in order to compare the 

immediate hair removal effects. The other BALB/c and C57BL/6 

mice received 800-nm diode laser irradiation (20 J/cm2, 10 ms). 

The parameters of laser hair removal were determined according to 

the manufacturer's recommendation (33). The skin reaction was 

observed, and skin samples were taken immediately after laser 

irradiation. Pictures were taken and skin biopsy specimens obtained 

at 1, 6, and 8 weeks after laser treatment to investigate the efficacy 

of permanent hair removal.  
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Immunoperoxidase staining of keratin 15 

To detect keratin 15 (K15), a mouse bulge stem cell marker, 4-

μm sections of paraffin-embedded mouse tissue were treated with 

citrate buffer (pH 6.0) for 10 min at 120℃ for antigen retrieval. 

After endogenous peroxidase blocking, anti-K15 antibody (LHK15, 

1:100; Thermo Fisher Scientific, Waltham, MA, USA) were added. 

Antigen-antibody complex was visualized with secondary antibody 

as the colored product of horseradish peroxidase and 3-amino-9-

ethyl carbazole (Chromogen kit; GBI Labs, Bothell, WA, USA).  

 

Dermal papilla staining using alkaline phosphatase 

activity 

Cryosections of 5 μm thickness were postfixed in cold acetone. 

After rehydration, the slides were treated with diluted nitro-blue 

tetrazolium chloride and 5-bromo-4-chloro-3'-indolyphosphate 

p-toluidine salt (BCIP) substrate solution (Thermo Fisher 

Scientific, Waltham, MA, USA). Dermal papilla staining using 

alkaline phosphatase activity was conducted throughout several 

minutes of incubation and several washes.  
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Deoxynucleotidyl transferase-mediated UTP end 

labeling assay 

To measure the amount of apoptotic cells, deoxynucleotidyl 

transferase-mediated UTP end labeling (TUNEL) assay (In Situ 

cell death detection kit fluorescein; Roche, Mannheim, Germany) 

was performed. Cryosections of 5 μm thickness were labeled with 

digoxigenin-dUTP in the presence of terminal deoxynucleotidyl 

transferase (TdT). TUNEL-positive cells were visualized using an 

antidigoxigenin fluorescein isothiocyanate-conjugated antibody. 

4',6-diamidino-2-phenylindole (DAPI) (Molecular Probes; 

Invitrogen, Carlsbad, CA) was used for nuclear counterstaining. All 

sections were examined immediately and observed under an 

Olympus BX61 fluorescence microscope (Olympus, Tokyo, Japan) 

and photographed with Leica Application Suite v. 3.8 (Leica 

Microsystems, Wetzlar, Germany). 

TUNEL assays were performed again using the ApopTag®  Plus 

Peroxidase In Situ Apoptosis Detection Kit (Merck Millipore, 

Darmstadt, Germany). Sections (4 μm) of paraffin-embedded 

mouse tissue were treated with citrate buffer (pH 6.0) for 10 min at 

120℃ for antigen retrieval. Endogenous peroxidase was blocked by 
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hydrogen peroxide. After antidigoxigenin antibody treatment, 

apoptotic nuclei were visualized with diaminobenzidine as the 

chromogen substrate (Chromogen kit; GBI labs, Bothell, WA, USA), 

and counterstained with hematoxylin.  

 

Enzyme-linked immunosorbent assay 

To measure cytokine levels in skin tissue, dorsal skin was removed 

and stored at -80℃. Later, skin was homogenized using the Bullet 

Blender TM Blue (Next Advance, Averill Park, NY) at 4℃, and the 

supernatants were frozen at -30℃. The concentration of 

interlukin-6 (IL-6), tumor necrosis factor-α (TNF-α), and 

transforming growth factor-β1 (TGF-β1) in the skin tissue was 

measured using mouse IL-6, mouse TNF-α kits (eBioscience, 

San Diego, CA, USA) and Quantikine mouse TGF-β1 (R&D 

Systems, Minneapolis, MN, USA). Enzyme-linked immunosorbent 

assay (ELISA) was performed in accordance with the 

manufacturer’s instructions. 

 

Western blotting 

Frozen samples were homogenized in radioimmunoprecipitation 

assay lysis buffer (Merck Millipore, Darmstadt, Germany). Proteins 



１７ 

 

were separated using 10% sodium dodecyl sulfate-polyacrylamide 

gel electrophoresis and transferred to a polyvinylidene uoride 

membrane (Amersham, Buckinghamshire, UK) using a wet transfer 

system. Membranes were subsequently blocked with 5% skim milk 

for 1 hr, then incubated at 4 ℃ overnight with antibody against 

cyclooxygenase-2 (COX-2) (Santa Cruz Biotechnology, Santa 

Cruz, CA, USA), anti-β-actin antibody (Santa Cruz Biotechnology, 

CA, USA), and antibody against superoxide dismutase 2 (SOD2) 

(Boster Biological Technology, Pleasanton, CA, USA). Membrane 

was probed with horseradish peroxidase-conjugated secondary 

antibody for 1 hr at room temperature. Bands were visualized by 

enhanced chemiluminescence (Amersham, Buckinghamshire, UK). 

Western blotting bands were normalized by β-actin bands and 

quantitatively analyzed using ImageJ (National Institutes of Health, 

Bethesda, MD, USA). 

 

Statistical analysis 

The Student t-test was used to analyze ELISA results. Other 

descriptive results are presented as means ± standard error. P 

values of less than 0.05 were considered statistically significant.  
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Figure 2. The process of mouse hair removal using PDT  

(A) MAL cream (16%) was applied, and the area was incubated and 

cleansed before LED irradiation. (B) The mice that had received 

MAL cream application were exposed to 630-nm LED red light. (C) 

After PDT, the treated area was covered for three days.  
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Results 

 

MAL was well absorbed and metabolized to 

protoporphyrin IX at anagen hair bulbs 

MAL absorption in the mouse skin was confirmed by observing the 

red fluorescence of protoporphyrin IX (PpIX), which is an active 

metabolite of MAL. The red fluorescence was selectively expressed 

by the anagen hair bulbs, sebaceous glands, and epidermis after 4-

hr MAL incubation. The red fluorescence was well expressed even 

if tape stripping, hair removal lotion application, and infrared 

irradiation were not done before MAL application or during MAL 

incubation. No difference in red fluorescence expression was found 

between the pretreatment groups and the nonpretreatment group 

(Figures 3A, 3B, and 3C). Hair follicles in telogen phase did not 

express PpIX. Sebaceous glands expressed red fluorescent PpIX 

regardless of hair cycle phase (Figure 3D). 

 

Efficacy of PDT hair removal increases with longer 

incubation times and higher light doses  
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Hair removal efficacy was evaluated 1 week after PDT. Although 

the removal of white hair of BALB/c mice was sparse after 1-hr 

MAL incubation and 5 J/cm2 LED irradiation, white hair removal was 

observed when the incubation time was increased to 4 hr. White 

hair removal became more prominent when increasing the LED 

fluence to 25 J/cm2, and white hair removal was more effective with 

increased MAL incubation time and LED fluence (Figure 4). 

 

Temporary nonpigmented hair removal was observed 

after PDT 

In the control BALB/c mice, shaved white hair had grown back 

normally at 1 week. However, in the PDT group, there was no 

regrowth of white hair until 3 days after PDT. The partial regrowth 

of removed hair was observed at 1 week after PDT. The hairless 

area in the PDT group was 81.8% ± 0.2% (mean ± standard error 

%) in the targeted area (2 × 2 cm2) at 1 week after PDT, 65.5% 

± 10.9% at 2 weeks after PDT, and 16.9% ± 14.6% at 3 weeks 

after PDT (Figure 5). Dermoscopic assessment indicated that 

regrowth was not complete at 3 weeks after PDT, as a few alopecic 

patches and erosions were observed (Figure 6). 
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Catagen-like transformation was observed in 

nonpigmented hair follicles after PDT 

In the control group, synchronized anagen hairs were observed until 

1 week after PDT. At week 2, anagen hairs began to enter catagen 

phase. Hair bulbs became small and shifted upward. At week 3, only 

telogen hairs were observed. Hair follicles existed at the dermis 

level without the intact inferior segment. No increased infiltration of 

inflammatory cells was observed around hair follicles in the control 

group. Sebaceous glands persisted through all cycles. These 

changes are characteristic of a normal hair cycle (Figure 7).  

 In the PDT group, no increased infiltration of inflammatory cells 

and structural changes of hair follicles were observed at 15 min 

after PDT. At 3 hr after PDT, many polymorphonuclear (PMN) 

granulocytes infiltrated the hair follicles without producing 

structural changes. At day 1, lymphocytes were also observed in 

addition to PMN granulocytes around the hair follicles. The 

sebaceous glands appeared deformed, and hair bulbs became small 

catagen-like hair follicles at day 1. The proportion of anagen hair 

follicles decreased to 27.9% ± 6.3% at day 1. Such catagen-like 

transformation of hair follicles became more obvious on days 2 and 

3. The proportion of anagen hair follicles was 24.6% ± 2.7% at day 



２２ 

 

2 and 7.8% ± 4.2% at day 3. The catagen phase in the PDT group 

was ahead of the normal hair cycle observed in the control group. 

At week 1, no anagen hairs remained. Many hair follicles without 

sebaceous glands were observed. Many lymphocytes and 

macrophages instead of PMN granulocytes infiltrated the hair 

follicles. At week 2, catagen-like transformation disappeared, and 

hair follicles were regenerated into anagen hair follicles. The hair 

bulbs became larger and shifted downward. The number of 

infiltrated inflammatory cells decreased. Therefore, at week 3, 

almost all hair follicles were in anagen phase. The signs of 

inflammation had disappeared (Figures 8, 9, and 10A). 

Skin thickness in the control group correlated with hair cycle 

phase and became thinner when hair follicles entered catagen 

phase. Skin thickness was 0.63 ± 0.05 mm at baseline and 0.31 ± 

0.01 mm at week 3. However, in the PDT group, skin became 

thicker until week 2 after PDT in spite of the decreased anagen hair 

percentage. Skin thickness at 15 min and 3 hr was 0.65 ± 0.02 mm 

and 0.61 ± 0.05 mm, respectively, and increased to 1.05 ± 0.04 

mm at week 2 (Figure 10B).  

In addition to the morphologic changes observed in the hair bulb, 

the sebaceous glands in PDT group appeared deformed upon 
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histologic examination. At 3 hr, 42.9% ± 10.2% of follicular units 

showed evidence of apoptotic or necrotic cells in the sebaceous 

glands. At day 2, all follicular units showed evidence of damaged 

sebaceous glands. Recovery of sebaceous glands began at day 3. 

The percentage of hair follicles with damaged sebaceous glands 

decreased to 11.6% ± 6.4% at week 3. No sebaceous gland 

damage was observed in the control group (Figure 10C).   

 

Bulge stem cells and dermal papillae in nonpigmented 

hair follicles were intact after one PDT session 

Staining with K15, a mouse bulge stem cell marker, was present at 

the bulge area in both the control and PDT groups throughout the 

3-week period (Figure 11). 

 Alkaline phosphatase, a dermal papilla marker, activity was present 

in both the control and PDT groups throughout the 3-week period. 

The catagen hair follicles in the control group and the hair follicles 

of catagen-like transformation in the PDT group showed smaller 

hair bulbs and smaller dermal papillae compared with anagen hair 

follicles at baseline (Figure 12).   
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TUNEL-positive cells were observed in the hair 

matrix of nonpigmented hair follicles after PDT 

During fluorescent TUNEL staining, TUNEL-positive cells were 

rarely seen at 15 min after PDT. However, at 3 hr, TUNEL-

positive cells were observed in the hair matrix, sebaceous glands, 

and epidermis. At day 1, TUNEL-positive cells were easily 

observed in the hair matrix. After day 1, the number of TUNEL-

positive cells decreased. The dermal papilla and bulge area did not 

show any evidence of TUNEL staining in the 3 days after PDT 

(Figure 13A). During chromogenic TUNEL staining, TUNEL-

positive cells were not observed at 15 min after PDT. However, at 

3 hr, several TUNEL-positive cells were observed in the hair 

matrix, sebaceous glands, and epidermis. At days 1, 2, and 3, 

positive TUNEL expression was maintained in the hair matrix. At 

week 1, TUNEL-positive cells were not readily observed and were 

rare at weeks 2 and 3 (Figure 13B). 

 

Apoptotic cells were observed in the hair matrix and 

sebaceous glands of nonpigmented hair follicles after 

PDT 
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A few hair matrix cells showed smaller, condensed nuclei and an 

eosinophilic cytoplasm 15 min after PDT. Those morphologic 

changes were revealed in almost all hair matrix cells at 3 hr. The 

deformed hair matrix moved upward from day 1 to week 1 (Figure 

14A). These findings were not observed during the normal hair 

cycle in the control group.  

A few sebocytes had smaller, condensed nuclei and an eosinophilic 

cytoplasm 15 min after PDT. Those morphologic changes of 

sebocytes became more prominent at 3 hr. At day 1, almost all 

sebocytes showed apoptotic features. Those morphologic changes 

were maintained through days 1, 2, and 3. The damaged sebocytes 

were fully regenerated after 1 week (Figure 14B).  

 

Inflammatory and immunoregulatory cytokines were 

induced by PDT hair removal  

IL-6, a proinflammatory cytokine, was induced by PDT hair 

removal at day 1 (123.5 ± 33.5 pg/mL) after PDT. The elevated 

IL-6 level persisted at days 2 and 3 (112.8 ± 24.3 pg/mL and 

80.7 ± 8.2 pg/mL, respectively). The elevations at day 2 and 3 

were significant compared with baseline levels (P < 0.05). After 

day 3, IL-6 decreased to 31.2 ± 0.9 pg/mL at week 1 (Figure 
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15A). TNF-α, another important proinflammatory cytokine, was 

also induced after PDT hair removal. TNF-α levels were very 

elevated at days 1 and 2 (173.5 ± 28.6 pg/mL and 158.2 ± 37.9 

pg/mL, respectively). At day 1, this elevation was significant (P < 

0.05) when compared with baseline levels (52.4 ± 18.2 pg/mL) 

(Figure 15B). TGF-β1 reached peak levels (170.6 ± 55.9 pg/mL) 

at day 2 after PDT hair removal. At day 3, this elevation was 

statistically significant (74.9 ± 13.1 pg/mL, P < 0.05) compared 

with baseline (19.1 ± 8.1 pg/mL) (Figure 15C). 

 

PDT hair removal induced COX-2 and SOD2  

SOD2 (25 kDa) was induced by PDT hair removal at day 1, at which 

time SOD2 expression was 2.1 times higher than at baseline. After 

day 1, SOD2 levels decreased. COX-2 (72 kDa) was not expressed 

at baseline. However, it was highly induced at 1 day after PDT hair 

removal and then fell dramatically at day 2. COX-2 expression at 

day 1 was 47.0 times than at day 2 (Figure 16). 

 

Permanent nonpigmented hair removal was observed 

after several sessions of PDT  

The first BALB/c mouse received four PDT sessions. The fluence 
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of 630-nm LED irradiation was 25 J/cm2 during the first session, 

37 J/cm2 during the second session, and 74 J/cm2 during the two 

subsequent sessions. After four PDT sessions, the BALB/c mouse 

showed an alopecic patch that remained even 6 weeks after the last 

PDT session (Figure 17A). The second BALB/c mouse also 

underwent four PDT sessions. The fluence of 630-nm LED 

irradiation was 25 J/cm2 during the first session and 37 J/cm2 during 

the three subsequent sessions. Although the LED fluence used for 

this mouse was lower than that used for the first mouse, the second 

BALB/c mouse also showed an alopecic patch 6 weeks after the last 

PDT session (Figure 17B). The third BALB/c mouse received three 

PDT sessions. The fluence of 630-nm LED irradiation was 5 J/cm2 

during the first session and 111 J/cm2 during the two subsequent 

sessions. Although this BALB/c mouse received fewer PDT 

sessions than the previous ones, the third mouse also showed an 

alopecic patch 6 weeks after the last PDT session. MAL cream was 

applied to a 2 × 2 cm2 area, and the areas of permanent hair 

removal in the first, second, and third mice were 1.54 cm2, 3.76 cm2, 

and 1.68 cm2, respectively (Figure 17C).  

 During histologic examination, intact hair follicles were rarely 

observed in the tissues of these three mice. A few hair follicles of 
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catagen-like transformation were observed (Figure 17). K15 was 

observed in some hair follicles, but it was faint, and the normal 

bulge structure had been lost (Figure 18A). Alkaline phosphatase 

activity was also rarely seen, and the hair bulbs had lost their 

original appearance (Figure 18B).  

 

The efficacy of PDT hair removal was different for 

pigmented and nonpigmented hair  

Nonpigmented hair removal was obvious at 2 weeks after the first 

PDT session (4-hr MAL incubation, 37 J/cm2). However, 

nonpigmented hair was regenerated at 3 weeks after the first PDT. 

Up to six subsequent sessions of PDT were conducted. At 6 weeks 

after the final PDT session, a small area of alopecic patches 

remained on the backs of these BALB/c mice. MAL cream was 

applied to a 1 × 1 cm2 area, and the areas of permanent hair 

removal on the first, second, and third BALB/c mice were 0.87 cm2, 

0.55 cm2, and 0.00 cm2, respectively. PDT was less effective in 

removing pigmented hair than nonpigmented hair. At week 2 after 

the first PDT, almost all pigmented hairs had been recovered. After 

the pigmented hair regenerated, up to six subsequent PDT sessions 

were performed. At 6 weeks after the final PDT session, most 
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pigmented hair was not removed. Almost all of the pigmented hair in 

C57BL/6 mice had regenerated, although a very tiny alopecic patch 

and whitened hairs were observed (Figure 19). Histologic 

examination of the alopecic patch in BALB/c mice revealed a few 

anagen hair follicles, and most hair follicles were in telogen phase. 

Numerous large dark basophilic amorphous things were observed 

around destroyed or catagen-like hair follicles. The mean skin 

thickness of the alopecic patch in BALB/c mice was 1.36 ± 0.09 

mm. During histologic examination of the alopecic patch in C57BL/6 

mice, a few anagen hair follicles were identified, and the collagen 

bundles appeared sclerotic. Melanin incontinence from the 

destroyed hair matrix was frequently observed. The mean skin 

thickness of the alopecic patch in C57BL/6 mice was 1.20 ± 0.18 

mm (Figure 20).   

 

Laser hair removal was efficient only for pigmented 

hair 

Pigmented hair was efficiently and promptly removed by 800-nm 

diode laser treatment (20 J/cm2, 10 ms). Skin coagulation with 

frosting was observed. At week 1, crusting was observed at the 

treated area. At weeks 6 and 8, the crusted skin had detached, and 
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hair removal was maintained. However, nonpigmented hair had not 

been removed. No changes to the skin or hair of BALB/c mice were 

observed immediately after laser treatment (20 J/cm2, 10 ms). 

Laser treatment on the backs of BALB/c mice also did not result in 

long-term changes to the skin or hair. No alopecic patches 

appeared on the backs of BALB/c mice throughout the 8-week 

period. 

Four combinations of laser fluence and pulse duration (15 J/cm2, 

7.5 ms; 20 J/cm2, 10 ms; 25 J/cm2, 12.5 ms; 30 J/cm2, 15 ms) were 

tested on both BALB/c mice and C57BL/6 mice. At 6 weeks after 

laser treatment using the various parameters, nonpigmented hair 

removal was not achieved. However, pigmented hair was removed 

regardless of the laser parameter used (Figure 21). 

 

The pigmented hair matrix and shaft were the targets 

of laser hair removal 

The pigmented hair matrix and shaft displayed multiple vacuolar 

changes and distortions immediately after 800-nm diode laser 

irradiation in C57BL/6 mice. Tissue coagulation around the 

pigmented shaft was also observed. Such morphologic changes and 

adjacent heat damage destroyed pigmented hair follicles 
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extensively. After 6 and 8 weeks, hair follicle regeneration was not 

observed. Some remnant sebaceous glands and dermal 

melanophages were present (Figure 22). 

No changes were observed in the nonpigmented hair matrix and 

shaft immediately after 800-nm diode laser treatment. No 

morphologic changes or adjacent heat damage was observed. After 

1 and 6 weeks, the hair follicle displayed a normal anagen 

appearance. After 8 weeks, natural-appearing catagen hair follicles 

were observed. No infiltrating inflammatory cells were found around 

hair follicles (Figure 23). 

In C57BL/6 mouse tissue, a few intact hair follicles with positive 

K15 staining were identified on the bulge area at 6 weeks after 

800-nm diode laser treatment. No hair follicles showed alkaline 

phosphatase activity. However, in BALB/c mouse tissue, many hair 

follicles with positive K15 staining were found in the bulge area 6 

weeks after 800-nm diode laser treatment. Many intact hair 

follicles with positive dermal papilla staining were observed on the 

hair bulb (Figure 24). 

The histologic findings suggest that laser hair removal was 

effective only for pigmented hair. This is in contrast to PDT hair 

removal, which was effective for nonpigmented hair (Figure 25).  
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Figure 3. Red fluorescence of PpIX after 4-hr MAL incubation  

PpIX in the mouse skin was observed as red fluorescence. (A) Tape 

stripping and hair removal lotion application were done as 

pretreatments before MAL cream application. Infrared irradiation 

was done during 4-hr MAL incubation (pretreatment group A). (B) 

Tape stripping was done as a pretreatment before MAL cream 

application. Infrared irradiation was performed during 4-hr MAL 

incubation (pretreatment group B). (C) No pretreatment was done 

before MAL cream application. Infrared irradiation was not 

performed during MAL incubation (nonpretreatment group). (D) 

PpIX was expressed in the sebaceous glands but not the hair 
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follicles in telogen phase (no staining under fluorescent microscope, 

original magnification ×100).  
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Figure 4. The effect of MAL incubation time and LED fluence on 

nonpigmented hair removal after PDT 

The first BALB/c mouse, which received 5 J/cm2 of 630-nm LED 

irradiation after 1-hr MAL incubation, showed little hair removal. 

The forth BALB/c mouse, which received 25 J/cm2 LED irradiation 

after 4-hr MAL incubation, showed prominent hair removal (MAL 

incubation time, fluence of 630-nm LED irradiation).  
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Figure 5. Serial pictures taken during a 3-week period after one 

PDT session for nonpigmented hair removal 

After shaving, the prompt regrowth of white hair was observed in 

control BALB/c mice. White hair regrowth in control BALB/c mice 

was complete in 1 week. However, in the PDT group (4-hr MAL 

incubation, 74 J/cm2 LED irradiation), the regrowth of white hair 
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was delayed until 3 weeks after PDT. The percentage of hair 

removed was 81.8% ± 0.2% (mean ± standard error %) at 1 

week, and at 3 weeks, 16.9% ± 14.6% of the treated area 

remained hairless.   
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Figure 6. Dermoscopic findings at 3 weeks after one PDT session for 

nonpigmented hair removal 

(A) No alopecic patches or erosions were observed in the control 

group. (B) A few erosions were observed in the PDT group. At 3 

weeks after PDT, alopecic patches in which hair regrowth was not 

present were observed.  
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Figure 7. Serial histology in the control group over a 3-week period  

All hair follicles were in anagen phase for 1 week. At week 2, hair 

follicles in catagen phase were observed. At week 3, all hairs were 

in telogen phase. No sign of inflammation was found around hair 

follicles through the hair cycle (H&E staining, original magnification 

×400). 
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Figure 8. Serial histology over a 3-week period after one session of 

nonpigmented hair removal using PDT 

At 15 min after PDT, no morphologic changes were observed during 

histologic examination. At 3 hr after PDT, inflammatory cells 

infiltrated the hair follicles. At day 1, the sebaceous glands and hair 

bulb showed a deformed appearance. Catagen-like transformation 

of hair follicles was observed at days 2 and 3. At week 1, no anagen 

hairs remained. At week 2, hair regeneration began. The hair bulbs 

became larger and shifted downward. Normal sebaceous glands 

appeared again. At week 3, almost all hair follicles were in anagen 

phase. The number of infiltrated inflammatory cells decreased 

(H&E staining, original magnification ×400).  
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Figure 9. Inflammatory cell infiltration after one session of 

nonpigmented hair removal using PDT 

(A) At 1 day after PDT, PMN granulocytes and lymphocytes were 

mainly observed around hair follicles (H&E staining, original 
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magnification ×400). (B) At 1 week after PDT, macrophages 

heavily infiltrated the hair follicles (H&E staining, original 

magnification ×400). 
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Figure 10. Changes in histologic findings over 3 weeks after one 

session of nonpigmented hair removal using PDT 

(A) Catagen-like transformation began at 1 day and was complete 

at 1 week after PDT. All hair follicles in the PDT group had finished 

regenerating at week 2. (B) Skin thickness increased until week 2 
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after PDT. The skin of PDT group mice was thicker than that of 

control group mice. (C) Damage to the sebaceous glands was first 

observed at 3 hr after PDT. The proportion of sebaceous damage 

peaked at day 2. Then, regeneration started. The percentage of 

damaged sebaceous glands decreased to 11.6% ± 6.4% at week 3.   

 

  



４５ 

 

 

 

 

 

<Control group> 

<PDT group> 



４６ 

 

Figure 11. K15 staining after one session of nonpigmented hair 

removal using PDT 

K15, a mouse bulge stem cell marker, was stained (red) throughout 

the 3-week periods in the control group. K15 was also stained at 

the bulge area throughout the 3-week period in the PDT group 

(Immunoperoxidase staining, original magnification ×400).  
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Figure 12. Alkaline phosphatase staining after one session of 

nonpigmented hair removal using PDT 

Dermal papilla was stained (black) using alkaline phosphatase, a 

dermal papilla marker, activity throughout the 3-week period in 

both the control group and the PDT group (alkaline phosphatase 

staining, original magnification ×200).  
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Figure 13. TUNEL staining after one session of nonpigmented hair 

removal using PDT 

(A) At 3 hr after PDT, cells with positive TUNEL staining (green 

fluorescent cells) were observed in the hair matrix, sebaceous 

glands, and epidermis. At day 1, positive TUNEL staining was more 

prominent. After day 1, the number of TUNEL-positive cells 

decreased. TUNEL-positive cells were rarely seen in the dermal 

papilla and bulge area throughout the 3-day period after PDT 

(fluorescent TUNEL staining, original magnification ×400). (B) At 

3 hr after PDT, cells with positive TUNEL staining (cells with 

brown-stained nuclei) were observed in the hair matrix, sebaceous 

glands, and epidermis. At days 1, 2, and 3, positive TUNEL staining 

was still observed in the hair matrix. The number of TUNEL-

positive cells decreased after day 3, and such cells were rarely 

seen at weeks 2 and 3 (chromogenic TUNEL staining, original 

magnification ×400). 
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Figure 14. Apoptotic changes in the hair matrix and sebaceous glands 

after one session of nonpigmented hair removal using PDT 

(A) In the PDT group, hair matrix cell nuclei became smaller and 

more condensed. The hair matrix cell cytoplasm became 

eosinophilic. Such changes were observed in a few hair matrix cells 

at 15 min after PDT (yellow rectangle). Those morphologic changes 

became obvious at 3 hr. The damaged hair matrix moved upward 

from day 1 to week 1 (H&E staining, original magnification ×400). 

(B) In the PDT group, the nuclei of sebocytes became smaller and 

more condensed. The cytoplasm of sebocytes became eosinophilic. 

Such changes were observed in a few sebocytes at 15 min after 

PDT (yellow rectangle). Those morphologic changes were 

maintained through days 1, 2, and 3. The damaged sebocytes were 

recovered at 1 week after PDT (H&E staining, original 

magnification ×400).  
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Figure 15.  ELISA of IL-6, TNF-α, and TGF-β1 after one 

session of nonpigmented hair removal using PDT 

(A) After PDT hair removal, the proinflammatory cytokines IL-6 

and (B) TNF-α and (C) the immunoregulatory cytokine TGF-β1 

were induced at 3 days. Levels decreased to normal values at 2 to 3 
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weeks after PDT hair removal (*P < 0.05 compared with the 

baseline).  
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Figure 16. Western blot of SOD2 and COX-2 after one session of 

nonpigmented hair removal using PDT 

(A) After PDT hair removal, SOD2 levels increased and peaked at 

day 1. COX-2 expression also increased prominently at day 1 and 

then decreased quickly. (B) Quantitative analysis of Western 

blotting bands also showed an abrupt increase in SOD2 and COX-2 

levels during the first 24 hr after PDT hair removal.   
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Figure 17. Permanent nonpigmented hair removal after several 

sessions of PDT 

The first column shows a mouse at 6 weeks after the last PDT. The 

second, and third columns show the histology of each mouse 

depicted in the first column (H&E staining; second column, original 

magnification ×100; third column, original magnification ×400). 

Those mice revealed alopecic patches, which persisted longer than 

6 weeks. (A) A total of four PDT sessions were performed (LED 

fluence: 25 J/cm2 at the first; 37 J/cm2 at the second; 74 J/cm2 at 
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the third and forth sessions). (B) A total of four PDT sessions were 

performed (LED fluence: 25 J/cm2 at the first; 37 J/cm2 at the 

second, third, and forth sessions). (C) A total of three PDT 

sessions were performed (LED fluence: 5 J/cm2 at the first; 111 

J/cm2 at the second and third sessions). 
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Figure 18. Bulge stem cells and dermal papillae after permanent 

nonpigmented hair removal using PDT  

(A) K15 staining of hair follicles in BALB/c mice at 6 weeks after 

the last PDT. Very slight K15 staining was observed in some hair 

follicles, and the normal hair follicle structure was not maintained 

(immunoperoxidase staining, original magnification ×400). (B) 

Alkaline phosphatase staining of hair follicles in BALB/c mice at 6 

weeks after the last PDT. Alkaline phosphatase staining was rarely 

seen (alkaline phosphatase staining, original magnification ×200). 
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Figure 19. Comparison of the efficacy of PDT for permanent removal 

of pigmented versus nonpigmented hair  

Temporary hair removal was the most obvious at 2 weeks after 

PDT in both BALB/c and C57BL/6 mice. Hair regeneration was 

observed at 3 to 4 weeks after PDT. Hair removal efficacy was 

superior in BALB/c mice. When the removed hair regenerated, 

subsequent PDTs were performed up to six times. At 6 weeks after 

the final PDT, alopecic patches remained in a limited area in BALB/c 

mice. At 6 weeks after the final PDT, the pigmented hair was 
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almost fully regenerated and no obvious permanent alopecic patches 

were present. 
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Figure 20. BALB/c and C57BL/6 mice at 6 weeks after the seventh 

PDT session  

(A) In the alopecic area of BALB/c mouse skin, a few anagen hair 

follicles were observed (H&E staining, original magnification 

×100). (B) Some telogen hair follicles with perifollicular 

inflammatory cells remained (H&E staining, original magnification 

×400). (C) Multiple dark basophilic amorphous things (yellow 

arrow) were observed adjacent to catagen-like hair follicles (H&E 

staining, original magnification ×400). (D) In the tiny alopecic area 

of C57BL/6 mouse skin, a few hair follicles were found among 

sclerotic collagen bundles (H&E staining, original magnification 

×100). (E, F) Melanin pigments were observed in the destroyed 

hair bulb (H&E staining, original magnification ×400).  
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Figure 21. Hair removal after laser treatment 

On the C57BL/6 mouse back, skin coagulation with frosting was 

observed immediately after 800-nm diode laser treatment (20 

J/cm2, 10 ms). The treated area showed crusted areas after 1 week 

that changed into alopecic patches at weeks 6 and 8. However, on 

the BALB/c mouse back, no changes to the skin or hair were 

observed immediately after 800-nm diode laser treatment. No 

alopecic patches were observed at weeks 1, 6, and 8 (20 J/cm2, 10 

ms). The pictures shown at week 8 after laser treatment were 

taken after shaving. The four combinations of laser fluence and 

pulse duration (15 J/cm2, 7.5 ms; 20 J/cm2, 10 ms; 25 J/cm2, 12.5 

ms; 30 J/cm2, 15 ms) were tested on both BALB/c mice and 

C57BL/6 mice. Alopecic patches were not observed on the BALB/c 

mouse back after 6 weeks. However, alopecic patches were 
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observed on the C57BL/6 mouse back after 6 weeks for all four 

parameter combinations. Tx.: treatment. 
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Figure 22. Pigmented hair removal using an 800-nm diode laser 

The immediate vacuolation and distortion of hair shaft and matrix 

was observed right after 800-nm diode laser treatment in C57BL/6 

mice. Heat coagulation of the collagen bundles adjacent to hair shaft 

was observed (yellow arrow). After 6 and 8 weeks, no intact hair 

follicles were observed. In the dermis, some sebaceous glands 

without intact hair follicles and dermal melanophages were 

identified (H&E staining, original magnification ×100, ×400). Tx.: 

treatment. 

 

  



６５ 

 

 

Figure 23. Nonpigmented hair removal using an 800-nm diode laser 

Anagen hair maintained a normal appearance without any evidence 

of tissue coagulation and inflammatory cell infiltration immediately 

after 800-nm diode laser treatment in BALB/c mice. Anagen hair 

follicles were still observed after 1 week. After 6 weeks, anagen 

phase of the next natural hair cycle was observed (H&E staining, 

original magnification ×100, ×400). Tx.: treatment. 
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Figure 24. Bulge stem cells and dermal papillae after laser hair 

removal 

(A, B) K15 staining of hair follicles in C57BL/6 mice at 6 weeks 

after 800-nm diode laser treatment. A few intact hair follicles with 

positive K15 staining were identified on the bulge area. K15-

positive cells were observed to lose connection to normal hair 

follicle (immunoperoxidase staining, A: original magnification ×100, 

B: original magnification ×400). (C) Alkaline phosphatase staining 

of hair follicles in C57BL/6 mice at 6 weeks after 800-nm diode 

laser treatment. No alkaline phosphatase staining was observed on 

hair follicles (alkaline phosphatase staining, original magnification 

×100). (D, E) K15 staining of hair follicles in BALB/c mice 6 

weeks after 800-nm diode laser treatment. Many hair follicles with 

positive K15 staining in the bulge area were observed 

(immunoperoxidase staining, D: original magnification ×400, E: 

original magnification ×400). (F) Alkaline phosphatase staining of 
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hair follicles in BALB/c mice 6 weeks after 800-nm diode laser 

treatment. There were many intact hair follicles with positive 

alkaline phosphatase staining on the dermal papilla (alkaline 

phosphatase staining, original magnification ×200). 
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Figure 25. Histologic comparison between laser hair removal and 

PDT hair removal 

(A) Hair follicles of C57BL/6 mouse immediately after 800-nm 

diode laser hair removal. A deformed pigmented hair shaft and hair 

matrix was observed, with no sign of inflammatory cell infiltration. 

Coagulated collagen bundles in the dermis were identified around 

hair follicles. (B) Hair follicles of BALB/c mouse immediately after 

800-nm diode laser hair removal. Normal anagen phase was 
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observed without any histologic changes. (C) Hair follicles of 

C57BL/6 mouse at 1 week after PDT hair removal.  Inflammatory 

cells have infiltrated, though many anagen hair follicles have 

maintained their structure. (D) Hair follicles of BALB/c mouse at 1 

week after PDT hair removal. The hair matrix and sebaceous glands 

have been destroyed by heavily infiltrating inflammatory cells. (A) 

and (D) show the labile features of hair removal treatment, and (B) 

and (C) show the resistant features of hair removal treatment (H&E 

original magnification ×100). 
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Discussion 

 

In order for PDT to destroy hair follicles, two conditions must be 

met. First, a photosensitizer must be absorbed into the hair follicle. 

Second, the light that activates the photosensitizer must penetrate 

to the depth of the hair follicle within the skin.  

For the photosensitizer to be absorbed, infiltration to tissue should 

be performed first. Generally, precursors of the photosensitizer 

penetrate damaged skin better than normal skin (25). However, hair 

removal is usually performed on normal skin. Therefore, we applied 

tape stripping, hair removal lotion, and infrared irradiation to 

improve the infiltration of MAL into hair follicles. However, we 

confirmed that MAL infiltrates mouse hair follicles well even 

without such pretreatment. The lipophilicity of MAL, which 

enhances its ability to penetrate tissue, can explain this result. In 

addition, the pore of the hair follicle can serve as a direct route for 

MAL absorption (34). Absorption into the skin can occur regardless 

of whether the skin barrier is intact.   

MAL was well absorbed to hair bulbs and metabolized to PpIX, an 

active photosensitizer. PpIX was selectively expressed in anagen 

hair bulbs and sebaceous glands. PpIX is generated from MAL in 
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intracellular mitochondria. Highly proliferative cells with increased 

metabolism produce PpIX at an increased rate (35). The hair matrix 

in the anagen hair bulb is composed of highly proliferative 

keratinocytes. The sebaceous gland uses holocrine secretion that 

requires secretary cell proliferation. These characteristics help to 

explain the selective expression of PpIX in anagen hair bulbs and 

sebaceous glands. In telogen phase, the hair matrix is not 

proliferative. In our study, the telogen hair bulb did not express red 

fluorescence. Therefore, the first condition of PDT hair removal is 

met when the hair follicle is in anagen phase.  

A 630-nm wavelength, which was used as a light source in the 

current study, penetrates up to 5 mm into the skin (36, 37). The 

mouse hair follicle depth is ~140 µm in telogen phase and ~450 to 

550 µm in anagen phase (38). Therefore, 630-nm LED light can 

reach the lowest portion of the mouse hair follicle, meeting the 

second condition.  

The optimal MAL incubation time and light source dose for mouse 

hair removal using PDT are not known. In this study, a longer 

incubation time (4 hr) and higher LED fluence (25 J/cm2) showed 

superior hair removal efficacy. The longer incubation time gives 
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MAL to the opportunity to enzymatically produce more PpIX. Higher 

LED fluence is known to make PpIX more photoactivated.  

Nonpigmented hair was well removed after one session of PDT. 

However, most hair regenerated in 3 weeks, so this was regarded 

as a temporary hair removal. Permanent hair removal is defined by 

the US Food and Drug Administration as a long-term and stable 

reduction in the number of hairs after a treatment regimen. A 

significant reduction in the number of hairs must be maintained for a 

period longer than the duration of the complete hair cycle (39). The 

murine hair cycle is completed in 6 weeks (40). Therefore, in this 

mouse study, we regarded hair removal that persisted for more than 

6 weeks as permanent hair removal.  

PDT destroys target tissue via direct cell killing or a biologic 

modifying response (41). Direct cell killing is carried out by 

reactive oxygen species (ROS), which are generated during 

photoactivation of a photosensitizer. ROS impair the membrane of 

cells and subcellular organelles, which leads to apoptosis (42). PDT 

increases the immune response and inflammation of the target 

tissue, which can induce cell necrosis (43). When the light dose is 

high, the target tissue tends to be destroyed by necrosis (44). 

However, when the light dose is low, apoptosis is the main 
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mechanism of target tissue ablation (45). Singlet oxygen, which is 

the most representative ROS used during PDT, has very short half-

life (nanoseconds), and histologic studies are lacking (46). The 

increased levels of SOD2, which scavenges ROS, found in Western 

blotting suggest oxidative damage after PDT. The biologic 

modifying response by PDT was readily observed using H&E 

staining. PMN granulocytes, lymphocytes, and macrophages 

subsequently infiltrated the hair follicles after PDT. These time-

dependent changes in inflammatory infiltration correspond with the 

findings of a previous histologic study on basal cell carcinoma after 

PDT (47). Such PDT-induced inflammation is considered to be an 

important mechanism of target cell death. Elevations in IL-6, TNF-

α, TGF-β1, and COX-2 levels after PDT were confirmed in this 

study. IL-6 is a central mediator of the acute-phase response. It 

recruits neutrophils and differentiates monocytes to macrophage 

(48, 49). TNF-α is a very important, primary cytokine triggering 

leukocyte trafficking. TGF-β1 has a immunoregulatory role and an 

inhibitory effect on hair growth. COX-2 induces prostagladin I2, 

which is an important target of many anti-inflammatory drugs (50). 

These cytokines and enzymes were induced at 1 week after PDT 

and then returned to baseline levels.  
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 The most characteristic histologic finding after PDT hair removal 

was the catagen-like transformation of anagen hair follicles. That is, 

the catagen phase was artificially induced by PDT. The catagen-

like transformation in the PDT group was different from the catagen 

phase of a natural hair cycle. The apoptotic features of the hair 

matrix, like condensed nuclei and eosinophilic cytoplasm, were very 

obvious during catagen-like transformation after PDT.  

In the PDT group, skin thickness was higher during the catagen-

like transformation phase than during the anagen phase, though the 

skin is thinner during normal catagen phase than during anagen 

phase. In order to investigate the mechanisms of catagen-like 

transformation of anagen hair follicles, we examined bulge stem 

cells and dermal papillae, which are vital for both the hair cycle and 

hair regeneration, and we anticipated that at least one of these 

elements would be damaged by PDT. However, there was no 

histologic evidence to suggest damage to bulge stem cells or dermal 

papillae throughout the 3-week period after PDT. We used a 

TUNEL assay to identify that the hair matrix is the target of PDT 

hair removal. Apoptotic features were clearly revealed by H&E 

staining in the hair matrix. Such apoptotic cell death was also 

observed in sebaceous glands, but not in the bulge area. Apoptotic 
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cell death after PDT occurred selectively in the hair matrix and 

sebaceous glands. Bulge stem cells and dermal papillae are 

generally not hyperproliferative. This suggests that bulge stem 

cells and dermal papillae do not accumulate PpIX and are not 

damaged after PDT. The preserved bulge stem cells and dermal 

papillae regenerated hair follicles after PDT hair removal.  

However, we observed permanent nonpigmented hair removal in 3 

BALB/c mice after three or four sessions of PDT. We used various 

arbitrary light doses for PDT. In all three mice, multiple sessions of 

PDT induced hair removal persisting for 6 weeks. Anagen hair 

follicles with intact hair matrix were not observed during histologic 

examination. Staining of bulge stem cells was faint, and they had 

lost their morphologic connection to the hair follicle. Dermal papillae 

were not observed during alkaline phosphatase staining. These 

findings suggest that bulge stem cells and dermal papillae are not 

the selective targets of PDT, as they were preserved after one PDT 

session in our study. The unexpected damage to bulge stem cells 

and dermal papillae can be explained by a bystander effect. Necrotic 

cell death due to PDT can release calcium and toxic byproducts. 

This leakage will induce subsequent fatal damage in neighboring 

cells (42). PDT primarily destroys hair matrix cells and sebaceous 
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glands. Dermal papillae are adjacent to the hair matrix, and bulge 

stem cells are located near sebaceous glands. When the bystander 

effect accumulates after repeated PDT sessions, a dermal papilla or 

bulge stem cell might be impaired severely, which leads to hair 

regeneration failure and permanent hair removal.  

However, a literature search revealed another explanation for this 

finding. Hsu et al. (51) reported that transit-amplifying cells 

(TACs) in the hair matrix play a vital role in stem cell activation 

and hair regeneration. TACs express sonic hedgehog (SHH). TAC-

derived SHH is essential for bulge stem cell activation. Hair 

regeneration would fail without the TAC signal, meaning that 

complete depletion of the hair matrix can lead to permanent hair 

removal, even without the bystander effect. However, we do not 

think complete depletion of the hair matrix by PDT is easily 

achieved, because destroyed TACs can be replenished by existing 

primed stem cells at the bulge area. The regenerated TACs activate 

quiescent bulge stem cells to generate primed stem cells. This 

indefinite loop would not be broken by the highly selective 

destruction of the hair matrix. 

When we did three-week serial investigations after one PDT 

session, we used 74 J/cm2 LED fluence. It was twice as high as 
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clinical dose, 37 J/cm2 in human (52). The high LED fluence was 

used in order to maximize PDT effect on hair follicles in the 

experimental setting. Some mice developed skin ulcers during PDTs 

with 0.32 g MAL cream application on a 2 × 2 cm2 area and 74 

J/cm2 LED fluence. Therefore, when we conducted seven PDT 

sessions on BALB/c and C57BL/6 mice, we modified our PDT 

parameters. We decreased the amount of MAL cream applied from 

0.32 g on a 2 × 2 cm2 area to 0.08 g on a 1 × 1 cm2 area, and 

light fluence from 74 J/cm2 to 37 J/cm2. However, in this 

experiment, we achieved permanent hair removal in a very limited 

area. A lower amount of MAL cream and a lower light dose resulted 

in less effective hair removal.  

After multiple PDTs, macroscopic hair removal was only 

temporary, not permanent in C57BL/6 mice. C57BL/6 mice have 

completely black skin when the hair follicles are in anagen phase. A 

large amount of melanin pigment in the skin could absorb LED light 

and interfere with the photoactivation of PpIX. Furthermore, 

melanin has been reported to have antioxidant properties that 

hinder lipid peroxidation (53). Such properties of melanin can 

decrease the efficacy of PDT hair removal in C57BL/6 mice.  
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Unlike with PDT, black hair was easily removed by diode laser 

treatment. The diode laser promptly destroyed black hair, and the 

damaged hair follicles were not regenerated for 8 weeks. In 

histologic analysis, the target of diode laser was found to be the 

hair shaft and matrix containing melanin. After laser treatment, 

intact hair bulbs were rarely seen. The remaining sebaceous glands 

and bulge stem cells were observed to lose their intact hair follicle 

morphology. Permanent laser hair removal seems to be achieved via 

the bystander effect. Heat energy transferred from the 

chromophore is assumed to destroy dermal papillae. Larouche et al. 

(54) reported that damage caused by heat sometimes extended 

over the dermal papilla cells, whereas stem cells were mostly 

spared after IPL hair removal. This finding might be explained by 

the distance from the hair matrix. The hair matrix has large amount 

of melanin, and it is considered to be the main target of laser 

treatment. Bulge stem cells are located far from the hair matrix 

compared with dermal papillae.  

For pigmented hair removal, the efficacy of laser treatment was 

vastly superior to that of PDT in our study. However, for 

nonpigmented hair removal, laser treatment had no effect on the 

hair follicle. Even temporary removal was not possible using laser 
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treatment. This study showed the mutual complementary results of 

laser hair removal and PDT hair removal.  

This study found that the target of PDT hair removal is the anagen 

hair matrix, regardless of pigmentation. Nonpigmented hair matrix 

is more likely to be destroyed by PDT. The target of laser hair 

removal is the pigmented hair shaft and matrix. Both hair removal 

regimens do not target primarily bulge stem cells and dermal 

papillae, which are vital components of hair regeneration. 

Permanent hair removal by PDT or laser therapy is supposed to be 

possible only when bulge stem cells or dermal papillae are 

destroyed via the bystander effect. In the case of laser hair removal, 

the bystander effect is due to heat energy transfer, and in the case 

of PDT hair removal, it is due to PDT-induced inflammation and 

necrotic byproducts from neighboring target cells. PDT-induced 

inflammation and the generation necrotic byproducts tend to occur 

more often when a larger amount of MAL cream is applied and a 

higher light dose is used for irradiation.  

In conclusion, permanent nonpigmented hair removal is possible 

when a large amount of photosensitizer and a high-dose light 

source are used. However, such conditions could cause 

considerable pain and complications in clinical practice. In this 
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animal study, we found it was possible to remove nonpigmented hair 

using PDT. For the safe application to human subjects, a clinical 

study investigating the optimal amount of photosensitizer and light 

dose is needed. 

 

 

  



８１ 

 

References 

 

1. Gan SD, Graber EM. Laser hair removal: a review. Dermatol 

Surg. 2013;39(6):823-38. 

2. Somani N, Turvy D. Hirsutism: an evidence-based 

treatment update. Am J Clin Dermatol. 2014;15(3):247-66. 

3. Ibrahimi OA, Avram MM, Hanke CW, Kilmer SL, Anderson 

RR. Laser hair removal. Dermatol Ther. 2011;24(1):94-107. 

4. Felgenhauer WR. Hypertrichosis languinosa universalis. J 

Genet Hum. 1969;17(1):1-44. 

5. Gohlich-Ratmann G, Lackner A, Schaper J, Voit T, 

Gillessen-Kaesbach G. Syndrome of gingival hypertrophy, 

hirsutism, mental retardation and brachymetacarpia in two sisters: 

specific entity or variant of a described condition? Am J Med Genet. 

2000;95(3):241-6. 

6. Hengge UR, Ruzicka T, Schwartz RA, Cork MJ. Adverse 

effects of topical glucocorticosteroids. J Am Acad Dermatol. 

2006;54(1):1-15; quiz 6-8. 

7. Dudding TE, Rogers M, Roddick LG, Relic J, Edwards MJ. 

Nevoid hypertrichosis with multiple patches of hair that underwent 



８２ 

 

almost complete spontaneous resolution. Am J Med Genet. 

1998;79(3):195-6. 

8. Grossman ME, Bickers DR, Poh-Fitzpatrick MB, Deleo VA, 

Harber LC. Porphyria cutanea tarda. Clinical features and laboratory 

findings in 40 patients. Am J Med. 1979;67(2):277-86. 

9. Tisocco LA, Del Campo DV, Bennin B, Barsky S. Acquired 

localized hypertrichosis. Arch Dermatol. 1981;117(3):127. 

10. Grossman MC, Dierickx C, Farinelli W, Flotte T, Anderson 

RR. Damage to hair follicles by normal-mode ruby laser pulses. J 

Am Acad Dermatol. 1996;35(6):889-94. 

11. Altshuler GB, Anderson RR, Manstein D, Zenzie HH, 

Smirnov MZ. Extended theory of selective photothermolysis. Lasers 

Surg Med. 2001;29(5):416-32. 

12. Hruza GJ, Avram M. Lasers and Lights: Procedures in 

Cosmetic Dermatology Series 3rd ed. Philadelphia: Saunders; 2012. 

p. 72-85. 

13. Lou WW, Quintana AT, Geronemus RG, Grossman MC. 

Prospective study of hair reduction by diode laser (800 nm) with 

long-term follow-up. Dermatol Surg. 2000;26(5):428-32. 



８３ 

 

14. Finkel B, Eliezri YD, Waldman A, Slatkine M. Pulsed 

alexandrite laser technology for noninvasive hair removal. J Clin 

Laser Med Surg. 1997;15(5):225-9. 

15. Bouzari N, Tabatabai H, Abbasi Z, Firooz A, Dowlati Y. Laser 

hair removal: comparison of long-pulsed Nd:YAG, long-pulsed 

alexandrite, and long-pulsed diode lasers. Dermatol Surg. 

2004;30(4 Pt 1):498-502. 

16. Marayiannis KB, Vlachos SP, Savva MP, Kontoes PP. 

Efficacy of long- and short pulse alexandrite lasers compared with 

an intense pulsed light source for epilation: a study on 532 sites in 

389 patients. J Cosmet Laser Ther. 2003;5(3-4):140-5. 

17. Jo SJ, Kim JY, Ban J, Lee Y, Kwon O, Koh W. Efficacy and 

safety of hair removal with a long-pulsed diode laser depending on 

the spot size: a randomized, evaluators-blinded, left-right study. 

Ann Dermtol. 2015;27(5):517-22. 

18. Sadighha A, Mohaghegh-Zahed G. Meta-analysis of hair 

removal laser trials. Lasers Med Sci. 2009;24(1):21-5. 

19. Anderson RR, Parrish JA. Selective photothermolysis: 

precise microsurgery by selective absorption of pulsed radiation. 

Science. 1983;220(4596):524-7. 



８４ 

 

20. Ismail SA. Long-pulsed Nd:YAG laser vs. intense pulsed 

light for hair removal in dark skin: a randomized controlled trial. Br 

J Dermatol. 2012;166(2):317-21. 

21. Wanner M. Laser hair removal. Dermatol Ther. 

2005;18(3):209-16. 

22. Sadick NS, Makino Y. Selective electro-thermolysis in 

aesthetic medicine: a review. Lasers Surg Med. 2004;34(2):91-7. 

23. Goldberg DJ, Littler CM, Wheeland RG. Topical suspension-

assisted Q-switched Nd:YAG laser hair removal. Dermatol Surg. 

1997;23(9):741-5. 

24. Sadick NS, Shaoul J. Hair removal using a combination of 

conducted radiofrequency and optical energies--an 18-month 

follow-up. J Cosmet Laser Ther. 2004;6(1):21-6. 

25. Nestor MS, Gold MH, Kauvar AN, Taub AF, Geronemus RG, 

Ritvo EC, et al. The use of photodynamic therapy in dermatology: 

results of a consensus conference. J Drugs Dermatol. 

2006;5(2):140-54. 

26. Wolf P, Rieger E, Kerl H. Topical photodynamic therapy with 

endogenous porphyrins after application of 5-aminolevulinic acid. 

An alternative treatment modality for solar keratoses, superficial 



８５ 

 

squamous cell carcinomas, and basal cell carcinomas? J Am Acad 

Dermatol. 1993;28(1):17-21. 

27. Calzavara-Pinton PG. Repetitive photodynamic therapy with 

topical delta-aminolaevulinic acid as an appropriate approach to the 

routine treatment of superficial non-melanoma skin tumours. J 

Photochem Photobiol B. 1995;29(1):53-7. 

28. Morton CA, Brown SB, Collins S, Ibbotson S, Jenkinson H, 

Kurwa H, et al. Guidelines for topical photodynamic therapy: report 

of a workshop of the British Photodermatology Group. Br J 

Dermatol. 2002;146(4):552-67. 

29. Han I, Jun MS, Kim SK, Kim M, Kim JC. Expression pattern 

and intensity of protoporphyrin IX induced by liposomal 5-

aminolevulinic acid in rat pilosebaceous unit throughout hair cycle. 

Arch Dermatol Res. 2005;297(5):210-7. 

30. Grossman MC, Wimberly J, Dwyer P, Flotte T, Anderson RR. 

PDT for hirsutism. Lasers Surg Med Suppl. 1995;7:44. 

31. Goldberg DJ, Marmur ES, Hussain M. Treatment of terminal 

and vellus non-pigmented hairs with an optical/bipolar 

radiofrequency energy source-with and without pre-treatment 

using topical aminolevulinic acid. J Cosmet Laser Ther. 

2005;7(1):25-8. 



８６ 

 

32. Samy N, Fadel M. Topical liposomal Rose Bengal for 

photodynamic white hair removal: randomized, controlled, double-

blind study. J Drugs Dermatol. 2014;13(4):436-42. 

33. Dierickx CC, Anderson RR, Campos VE, Grossman MC. 

Effective permanent hair reduction using a pulsed, High-Power 

diode laser. Dossier Coherent. 1999;1(1):1-8. 

34. Sakamoto FH, Doukas AG, Farinelli WA, Tannous Z, Su Y, 

Smith NA, et al. Intracutaneous ALA photodynamic therapy: dose-

dependent targeting of skin structures. Lasers Surg Med. 

2011;43(7):621-31. 

35. Nowis D, Makowski M, Stoklosa T, Legat M, Issat T, Golab J. 

Direct tumor damage mechanisms of photodynamic therapy. Acta 

Biochim Pol. 2005;52(2):339-52. 

36. Calzavara-Pinton PG, Venturini M, Sala R. Photodynamic 

therapy: update 2006. Part 1: Photochemistry and photobiology. J 

Eur Acad Dermatol Venereol. 2007;21(3):293-302. 

37. MacCormack MA. Photodynamic therapy in dermatology: an 

update on applications and outcomes. Semin Cutan Med Surg. 

2008;27(1):52-62. 



８７ 

 

38. Hansen LS, Coggle JE, Wells J, Charles MW. The influence 

of the hair cycle on the thickness of mouse skin. Anat Rec. 

1984;210(4):569-73. 

39. Roosen GF, Westgate GE, Philpott M, Berretty PJ, Nuijs T, 

Bjerring P. Temporary hair removal by low fluence photoepilation: 

histological study on biopsies and cultured human hair follicles. 

Lasers Surg Med. 2008;40(8):520-8. 

40. Muller-Rover S, Handjiski B, van der Veen C, Eichmuller S, 

Foitzik K, McKay IA, et al. A comprehensive guide for the accurate 

classification of murine hair follicles in distinct hair cycle stages. J 

Invest Dermatol. 2001;117(1):3-15. 

41. Oseroff A. PDT as a cytotoxic agent and biological response 

modifier: Implications for cancer prevention and treatment in 

immunosuppressed and immunocompetent patients. J Invest 

Dermatol. 2006;126(3):542-4. 

42. Allison RR, Moghissi K. Photodynamic Therapy (PDT): PDT 

Mechanisms. Clin Endosc. 2013;46(1):24-9. 

43. Krosl G, Korbelik M. Potentiation of photodynamic therapy 

by immunotherapy: the effect of schizophyllan (SPG). Cancer Lett. 

1994;84(1):43-9. 



８８ 

 

44. Oleinick NL, Evans HH. The photobiology of photodynamic 

therapy: cellular targets and mechanisms. Radiat Res. 1998;150(5 

Suppl):S146-56. 

45. Agarwal ML, Clay ME, Harvey EJ, Evans HH, Antunez AR, 

Oleinick NL. Photodynamic therapy induces rapid cell death by 

apoptosis in L5178Y mouse lymphoma cells. Cancer Res. 

1991;51(21):5993-6. 

46. Moan J, Berg K. The photodegradation of porphyrins in cells 

can be used to estimate the lifetime of singlet oxygen. Photochem 

Photobiol. 1991;53(4):549-53. 

47. Prignano F, Lotti T, Spallanzani A, Berti S, de Giorgi V, 

Moretti S. Sequential effects of photodynamic treatment of basal 

cell carcinoma. J Cutan Pathol. 2009;36(4):409-16. 

48. Fielding CA, McLoughlin RM, McLeod L, Colmont CS, 

Najdovska M, Grail D, et al. IL-6 regulates neutrophil trafficking 

during acute inflammation via STAT3. J Immunol. 

2008;181(3):2189-95. 

49. Chomarat P, Banchereau J, Davoust J, Palucka AK. IL-6 

switches the differentiation of monocytes from dendritic cells to 

macrophages. Nat Immunol. 2000;1(6):510-4. 



８９ 

 

50. Wolff K, Goldsmith LA, Katz SI. Fitzpatrick's dermatology in 

general medicine. 7th ed. New York: McGraw-Hill; 2008. p. 121. 

51. Hsu YC, Li L, Fuchs E. Transit-amplifying cells orchestrate 

stem cell activity and tissue regeneration. Cell. 2014;157(4):935-

49. 

52. Fantini F, Greco A, Cesinaro AM, Surrenti T, Peris K, 

Vaschieri C, et al. Pathologic changes after photodynamic therapy 

for Basal cell carcinoma and Bowen disease: a histologic and 

immunohistochemical investigation. Arch Dermatol. 

2008;144(2):186-94. 

53. Krol ES, Liebler DC. Photoprotective actions of natural and 

synthetic melanins. Chem Res Toxicol. 1998;11(12):1434-40. 

54. Larouche D, Kim DH, Ratte G, Beaumont C, Germain L. 

Effect of intense pulsed light treatment on human skin in vitro: 

analysis of immediate effects on dermal papillae and hair follicle 

stem cells. Br J Dermatol. 2013;169(4):859-68. 

 

 



９０ 

 

국문 초록 

 

레이저 제모술은 원치 않는 털을 제거하기 위해서 가장 널리 사용되는 

치료법이다. 그러나 금발 또는 백발과 같은 비색소 털은 레이저 

에너지를 흡수할 수 있는 발색단이 부족하여 레이저 제모가 이루어지지 

않는다. 본 연구는 새로운 제모 치료법로서 비색소 털의 제모에 광역동 

치료를 이용하고 그 기전을 탐색하고자 한다.     

Methyl aminolevulinate 크림을 7주령 BALB/c 마우스의 삭모한 등에 

도포한 뒤 밀봉하였다. 4시간 후 630nm 파장의 발광 다이오드를 74 

J/cm2 조사하였다. 광역동 치료 후 15분, 3시간, 1일, 2일, 3일, 1주, 2주, 

3주 뒤에 각각 사진을 찍고, 피부 조직 검사를 시행하였다. 광역동 치료 

후 비색소 모낭의 조직학적 변화를 살펴보고, Western blot, ELISA 

등의 방법으로 분자생물학적 변화를 살펴보았다. 이후 광역동 치료의 

영구 제모 효과를 비교하기 위하여 흰 BALB/c 마우스와 검은 

C57BL/6 마우스의 등에 광역동 치료를 반복하였다. 레이저 치료와 

제모 효과를 비교하기 위하여 흰 BALB/c 마우스와 검은 C57BL/6 

마우스의 등에 800 nm 다이오드 레이저를 조사하였다.  

광역동 치료 후 비색소 모낭은 퇴행기 모낭과 같은 모양으로 변한 다음 

3 주 이내에 다시 재생되었다. 모낭 줄기세포의 표지자인 Keratin 15 와 

모유두의 표지자인 alkaline phosphatase 는 광역동 치료 후에도 사라지

지 않고 지속적으로 관찰되었다. TUNEL 염색 양성 세포는 광역동 치료 
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후 3 시간부터 3 일까지 모기질에서 관찰되었다. 광역동 치료 후 모기질 

세포의 핵은 짙은 호염기성을 띠며 응축되었다. 광역동 치료 후 약 1 일

이 지나면 interlukin-6, tumor necrosis factor-α, transforming 

growth factor-β1, superoxide dismutase 2 그리고 

cyclooxygenase-2 의 발현이 증가되었다. 레이저 치료 후 비색소 털

의 제모는 전혀 관찰되지 않았다. 반면 수 차례 반복한 광역동 치료 후 

제한된 범위에서 일부 비색소 털의 영구 제모가 관찰되었다. 검은 털의 

경우 광역동 치료에 비해 레이저 치료가 우수한 제모 효과를 보였다.  

본 연구는 광역동 치료 시 생장기 비색소 모낭의 모기질이 선택적으로 

파괴됨을 조직학적으로 확인하였다. 광역동 치료를 반복할 경우 비색소 

털의 영구적인 제모가 관찰되었다. 이는 광역동 치료로 염증 반응이 유

도되고, 괴사된 세포에서 나온 부산물로 인하여 모낭 줄기세포와 모유두

에 의한 모낭 재생이 저해되었기 때문으로 생각된다. 원치 않는 과도한 

비색소 털을 제거하기 위한 목적으로 광역동 치료를 새로운 제모법으로 

고려할 수 있겠다.  

---------------------------------------- 

주요어 : 광역동 치료, 레이저, 백모, 제모 

학  번 : 2011-30557 
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